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Psychology: a reality check 


If clinical psychology in the United States wants to remain viable and relevant in today’s health systems, 


it needs to publicly embrace science. 


seduced by the beauty of his prose, the elegance of his arguments 

and the acuity of his intuition. But those with a grounding in 
science will also be shocked by the abandon with which he elaborated 
his theories on the basis of essentially no empirical evidence. This is 
one of the main reasons why Freudian-style psychoanalysis has long 
since fallen out of fashion: its huge expense — treatment can stretch 
over years — is not balanced by evidence of efficacy. 

Clinical psychology at least has its roots in experimentation, but 
it is drifting away from science. Concerns about cost-benefit issues 
are growing, especially in the United States. According to a damning 
report published last week (T. B. Baker et al. Psychol. Sci. Public Inter- 
est 9, 67-103; 2008), an alarmingly high proportion of practitioners 
consider scientific evidence to be less important than their personal 
— that is, subjective — clinical experience. 

The irony is that, during the past 20 years, science has made great 
strides in directions that could support clinical psychology — in 
neuroimaging, for example, as well as molecular and behavioural 
genetics, and cognitive neuroscience. Numerous psychological 
interventions have been proved to be both effective and relatively 
cheap. Yet many psychologists continue to use unproven therapies 
that have no clear outcome measures — including, in extreme cases, 
such highly suspect regimens as ‘dolphin-assisted therapy” 

The situation has created tensions within the American Psychologi- 
cal Association (APA), the body that accredits the courses leading to 
qualification for a clinical psychologist to practise in the United States 
and Canada. The APA requires that such courses have a scientific 
component, but it does not require that science be as central as some 
members would like. In frustration, representatives of some two- 
dozen top research-focused graduate-training programmes grouped 
together in 1994 to form the Academy of Psychological Clinical Sci- 
ence (APCS), with a mission to promote scientific psychology. 


\ nyone reading Sigmund Freud's original works might well be 


The APCS effort has not been enough to change attitudes among all 
practitioners. But, in the United States, political pressure for change 
is building rapidly. The debates swirling around health-care reform 
have made it clear that key decision-makers expect medical caregivers 
to justify their therapies in terms of proven cost-effectiveness. If clini- 
cal psychologists cannot do this plausibly, 


au“ rt 
they will be marginalized. There is a moral 


A quick and effective way to break this imperative to turn 
impasse would be to create a US versionof psychology into a 
the system that transformed clinical psy- _-obuyust and valued 
chology (and medical practice generally) science.” 


in England and Wales. There, the National 

Institute for Health and Clinical Excellence (NICE) evaluates thera- 
pies for evidence of efficacy, and approves the ones to be covered 
by the state health system (see Nature 461, 336-339; 2009). Private 
health insurers are influenced by NICE’s decisions, and any clinical 
psychologist wishing to offer dolphin-assisted therapy in Britain will 
be hard-pushed to find patients. 

For many opponents of health-care reform in the United States, 
however, NICE represents the epitome of big-government intrusion 
into individual freedom of choice; it remains to be seen whether such 
a body can ever be created in America. Still, as Baker et al. point out, 
interested US psychologists could take matters into their own hands 
by establishing a new accreditation system for scientifically trained 
psychologists in parallel with the APA system. 

The APCS is well-positioned to take such a step. But whoever takes 
it should do so soon. Unmet mental-health needs are massive and 
growing: the number of Americans receiving mental-health care has 
almost doubled in the past 20 years. There is a moral imperative to 
turn the craft of psychology — in danger of falling, Freud-like, out 
of fashion — into a robust and valued science informed by the best 
available research and economic evidence. a 


Windfall warning 


Without forward planning, the billions of dollars in 
the US stimulus package will go to long-term waste. 


na week that would be capped by winning the Nobel Peace 
Prize, US President Barack Obama hosted public events cel- 
ebrating the winners of the National Medal of Science and the 
National Medal of Technology and Innovation, as well as the 
White House’s first-ever stargazing party. The week before that, 
Obama visited the campus of the National Institutes of Health 
(NIH) in Bethesda, Maryland, to announce that the agency had 
distributed half of the extra US$10.4 billion that Congress awarded 


it in February in the $787-billion stimulus bill. 

Indeed, Obama has made the promotion of science and technology 
— and evidence-based decision-making — a frequent theme of his 
young presidency, and most US researchers consider this a refreshing 
contrast to the previous administration. But they would be wise to 
remind themselves that Congress, not the president, is in charge of 
most of the key issues affecting American research. And in particular, 
the stimulus money that Congress has funnelled into science this year 
and next has the potential to create a long-term problem. 

In the short term, the stimulus bill passed last February has poured 
billions of dollars into the research agencies (see page 856), with the 
largest chunk going to the Department of Energy for much-needed 
programmes in energy efficiency, environmental clean-up and 
research. At other agencies, such as the NIH and the National Science 
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Foundation (NSF), stimulus money has allowed managers to fund 
a backlog of individual grants and accelerate planning for major 
infrastructure projects such as the NSF’s real-time ocean observatory 
(see go.nature.com/aV6ZIF). 

This is all to the good. The problem, however, is that the party will 
soon be over: the unexpected influx of funds will largely end a year 
from now. US science as a whole could all too easily hurtle over the 
same cliff from which the NIH fell in 2003, when a doubling of its 
budget over five years came to a sudden end and young investigators 
who had been drawn into the research pipeline during the boom 
years suddenly found themselves scrambling for grants in hyper- 
competitive lean years. 

The Obama administration is hoping to avoid a repeat of that 
meltdown by asking Congress to double the budgets of basic-research 
agencies over ten years — presumably a more sustainable pace of 
increase. But it’s far from clear whether Congress will grant such a 
request, or even whether such funds are warranted. In fact, one help- 
ful project coming from the stimulus funds is an NSF programme to 
study the effects of short-term boosts in science and technology fund- 
ing on society at large — in effect, using stimulus money to study the 


stimulus itself. Results, however, are not due for at least two years. 

In the meantime, institutions and individual researchers need to 
prepare now for the end of the largesse. Too many institutions have 
been content just to feed at the stimulus trough, encouraging their 
researchers to resurrect long-dead grant proposals and resubmit them 
without questioning the potential pain for students and staff when the 
monies disappear again. Instead, universities should be thinking stra- 
tegically about what actions they can take now to alleviate that pain 
when it comes. Such actions might include finding ways to structure 
the funding flow by carrying out expensive data-taking tasks now, 
while providing support for graduate and postdoctoral students that 
goes beyond the end of the stimulus. 

Scientific societies and professional organizations can also help, 
by sending out fewer congratulatory notes about landing stimulus 
funding and instead urging their members to think cleverly about 
what to do in the aftermath. Other innovative ways about how to keep 
the stimulus from going to waste can be found on page 876, where 
high-level experts weigh in with their views. 

There is no mystery about the pain that will come when funding 
shrinks back down. The time to start planning is now. 2 


Caught on camera 


What to do when you are interviewed for an 
unscientific documentary. 


Alto, California, has always had to deal with angry e-mails from 

people who think that global warming isn’t happening, and that 
Schneider is part of a conspiracy to promote it. He has been vocal 
about the dangers of climate change for decades. 

In the past week, however, Schneider has been deluged by furi- 
ous messages. They have been provoked by a clip circulating on the 
Internet from Not Evil Just Wrong, a documentary film claiming that 
global-warming fears are ‘hysteria. The clip explains how Schnei- 
der did an interview — and then how the university informed the 
film-makers that it had rescinded permission for using any of the 
Stanford footage and that Schneider had withdrawn permission to 
use his name or interview. Schneider says he backed out when he real- 
ized that the film-makers were polemicists who had lied to him about 
their intentions. Some climate-sceptic commentators are accusing 
him of censorship. 

Schneider is by no means the first scientist to feel hoodwinked by 
film-makers. British evolutionary biologist Richard Dawkins ended 
up in Expelled: No Intelligence Allowed, a film purporting to show how 
academics who do not accept evolution are frozen out of academia. 
Dawkins says that he was conned — that the film-makers had pre- 
sented the project to him as an even-handed effort entitled Crossroads: 
The Intersection of Science and Religion. Carl Wunsch, an oceanogra- 
pher at the Massachusetts Institute of Technology in Cambridge, felt he 
was “swindled” in a like manner by the producers of The Great Global 
Warming Swindle. And Nikos Logothetis of the Max Planck Institute for 
Biological Cybernetics in Tubingen, Germany, let a seemingly objective 


S tephen Schneider, a climatologist at Stanford University in Palo 
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film crew into his primate laboratory — only to see the footage used in 
an animal-rights documentary that slams him as cruel. 

For many scientists, the natural response to such stories is to stop 
talking to the media. But that would be an overreaction. For one thing, 
such misrepresentations are rare. Schneider estimates that he has given 
some 3,500 interviews since the 1970s, and only twice has he been 
“set up. Most journalists and documentarians are honestly trying to 
report the facts, and scientists have a responsibility to tell the public 
about their work — especially ifit is supported by public money. 

Fortunately, scientists can do much to protect themselves. When 
someone asks for an interview, for example, a scientist should enquire 
about starting assumptions, the intended audience and the identity 
of the project’s backers. And, if possible, researchers should check the 
earlier work of the journalists and any companies behind the film for 
a partisan tone, or unacceptable levels of sensationalism. 

But if these efforts fail, and it is discovered too late that the film- 
makers are bent on using an on-tape interview to promote a view 
that seems unscientific, the question becomes what steps to take. 
There is rarely a way to withdraw an interview that was given on 
the record, for good reason. In any case, making a fuss can bea gift 
of publicity to film-makers. Schneider admits that he might have 
spared himself the deluge of e-mails had he just ignored the makers 
of Not Evil Just Wrong. 

A better approach might well be to complain to the television chan- 
nels and broadcasting regulators, many of which have standards for 
their programming. The Great Global Warming Swindle was censured 
by Ofcom, Britain’s broadcasting regulator, for breaking several rules 
in its broadcasting code. And when the same documentary was aired 
by the Australian Broadcasting Corporation, it was followed by a 
point-by-point debate and rebuttal. 

In the end, this is perhaps the most effective way to limit the dam- 
age. Bad journalism is best met not with red-faced indignation, but 
with good journalism. The truth is the best revenge. 7 
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Copy bat 


Biol. Lett. doi:10.1098/rsbl.2009.0685 (2009) 
Humans, elephants and seals can do it, but can bats also imitate sounds? It's 
long been thought that the flying mammals can, and Mirjam Kn6érnschild at 
the University of Erlangen-Nuremberg in Germany and her colleagues set 
out to find the evidence. 
They recorded a total of 337 songs from 17 pups of the greater 
sac-winged bat (Saccopteryx bilineata) in Costa Rica and compared 
them with 57 territorial songs from six adult males belonging to 
the same harems as the pups. Acoustic analysis showed that 
as the pups matured, their calls developed into territorial 
songs that were similar to those of harem males. The team 
ruled out relatedness, gender and physical maturation 
as factors. The bats learned through imitation. 
The authors suggest that this mammalian 


model — easier to study than others — 
could permit further investgation of 
how vocal imitation evolved. 


Monsoon madness 


J. Geophys. Res. doi:10.1029/2009JD011733 (2009) 
The severity of the east Asian summer 
monsoon, which affects more than 1 billion 
people, may be better forecast by analysing 
the North Atlantic Oscillation (NAO). This 
describes a large-scale system in which 
atmospheric pressure rises and falls ina 
see-saw motion from the polar to the 
subtropical region. 

The monsoons strength has been linked to 
the El Nifio and La Nifia cycles, but the NAO 
connection may further improve predictions, 
say Zhiwei Wu of the Chinese Academy of 
Sciences in Beijing and colleagues. 

By combining data on global precipitation 
and atmospheric circulation with other 
indices of atmospheric activity, the 
researchers found that changes in 
the spring NAO can influence 
how strong or weak the monsoon 
gets later in the year. 


Holy yocto! 


Phys. Rev. Lett. 103, 152301 (2009) 
Scientists want to image atomic 
processes occurring in real 
time, which requires extremely 
short pulses of light. Current state- 
of-the-art lasers can take attosecond 
(10° second) snapshots, but 
Andreas Ipp, Christoph Keitel and 
Jorg Evers at the Max Plank 
Institute for Nuclear Physics 

in Heidelberg, Germany, think 
that they can do a million times 


Nbs1 
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better using heavy-ion collisions. 

When nuclei such as those of lead or 
gold collide, the quarks inside protons and 
neutrons briefly become free to move on their 
own. Over the course of a few yoctoseconds 
(10° second) they expand, releasing a super- 
short pulse of light. Only a few yoctosecond- 
long photons would be released by even the 
highest-energy collisions, but on the basis 
of their calculations, the authors believe that 
under the right conditions, the pulses could 
be used for ultrafast imaging. 


DNA first responder 


Cell 139, 87-99; 100-111 (2009) 

Work by two independent groups has 

deduced the structure and role ofa key 

component ofa protein complex that repairs 
dangerous double-stranded breaks in DNA. 

The teams — one led by John Tainer 

and Paul Russell of the Scripps Research 

Institute in La Jolla, California, the 
other by Steve Smerdon of the 

National Institute for Medical 

Research in London and Stephen 

Jackson of the University of 
Cambridge, UK — crystallized 

and characterized one of three 
subunits that make up the MRN 
protein complex, which responds 
to DNA damage. 

, The researchers found that 
the subunit, Nbs1 (pictured left), 
extends from the complex like a 

flexible arm and tethers the protein 
Ctp1, which is essential for the repair 

of double-stranded breaks. Nbs1 helps 

Ctp1 to home in on the site of the break. 
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Preindustrial carbon 


Glob. Biogeochem. Cycles 
doi:10.1029/2009GB003488 (2009) 

Even before industrialization, humans were 
having an effect on atmospheric carbon 
dioxide levels by transforming natural land 
for agricultural uses, report researchers from 
the Max Planck Institute for Meteorology in 
Hamburg, Germany. 

Julia Pongratz and her co-workers 
combined a reconstruction of historical land 
cover with a coupled biosphere-atmosphere- 
ocean general-circulation model going back 
over more than a millennium. The work 
suggests that land-use changes resulted in the 
release of 53 gigatonnes of carbon between 
AD800 and 1850. Only 21% of this remained 
airborne, with the rest being reabsorbed 
by the oceans and biosphere, but that was 
enough to bump CO, emissions up above 
background levels by the late medieval period. 

The team also looked at the impact of wars 
and epidemics, and found that the thirteenth- 
century Mongol invasion of China resulted 
in carbon sequestration, because the massive 
death toll led to vegetation regrowth on 
abandoned farmlands. 


Infectious fatigue 


Science doi:10.1126/science.1179052 (2009) 
Researchers have linked chronic fatigue 
syndrome, a debilitating disease of unknown 
cause, to an infectious retrovirus that has also 
been associated with prostate tumours. 

Judy Mikovits at the Whittemore Peterson 
Institute in Reno, Nevada, and her colleagues 


M. KNORNSCHILD 


ELSEVIER 


found that 67% of 101 patients diagnosed 
with chronic fatigue syndrome carried the 
retrovirus XMRV in their blood, whereas 
fewer than 4% of 218 healthy individuals did. 
The virus was able to spread from infected 
immune cells to cultured prostate cancer 
cells. The genomes of the XMRV strains 
associated with prostate cancer are more 
than 99% identical to those correlated with 
chronic fatigue syndrome, which is marked by 
increased cancer susceptibility. The authors 
say further study is needed to determine 
whether the virus causes the syndrome and if 
it is responsible for the elevated cancer risk. 
For alonger story on this research, 
see go.nature.com/X72Lco 


GENOMICS 
Human genome in 3D 


Science 326, 289-293 (2009) 

The three-dimensional structure of the 
human genome has been mapped. Job 
Dekker of the University of Massachusetts 
Medical School in Worcester, Eric Lander 
of the Broad Institute in Cambridge, 
Massachusetts, and their co-workers 
identified segments of the genome that tend 
to sit close together. They then used 
next-generation sequencing 
technology to build up a map 
showing the proximity 
of the segments to each 
other — a novel method 
they call “Hi-C’ 

The team found that 
each chromosome 
weaves between two 
compartments: one 
contains active genes; 
the other, more compact 
compartment houses inactive 
stretches of the genome. Ona 
larger scale, the chromosomes are 
tightly packed into a ‘fractal globule’ (pictured 
right) that remains unknotted to allow easy 
access to genes. 


ASTROPHYSICS 
Merge, no surge 


Astrophys. J. 704, 324-340 (2009) 
When galaxies merge, the gravitational 
jostling of gases can lead to a bump in the 
galaxies’ star formation rate. But this effect 
is short-lived and does not significantly add 
to overall star numbers, say Aday Robaina of 
the Max Planck Institute for Astronomy in 
Heidelberg, Germany, and his colleagues. 

In analysing images of 2,551 galaxies from 
the Spitzer and Hubble space telescopes, the 
researchers found that merging and closely 


interacting galaxies gave birth to stars at rates 
only 1.8 times higher than non-interacting 
galaxies — a smaller effect than previously 
thought. For the portion of the Universe 
between about 1 billion and 2 billion parsecs 
away, the researchers estimate that only 
about 8% of star births are triggered by 


galaxy mergers. 


BIOLOGY 


When colonies collide 


Proc. Natl Acad. Sci. USA 106, 17452-17456 (2009) 
Many insect species organize themselves 
into social classes with distinct roles, such as 
reproductive queens and sterile workers. How 
this ‘eusociality’ evolved is an open question. 
Barbara Thorne at the University 
of Maryland, College Park, and her 
colleagues staged encounters between 
25 pairs of colonies of dampwood termites 
(Zootermopsis nevadensis). During 
encounters, at least one colony in each pair 
lost its king or queen and the pairs merged. 
The team found that worker termites 
developed into reproductive ones in 17 of the 
25 merged colonies and that interbreeding 
occurred in 14 colonies. This shows that, 
in dampwood termites, which are 
similar to ancestral termites, 
workers can become breeders 
and inherit a colony and 
its resources, providing 
them with an incentive 
to stay with their colony 
and cooperate with 
non-relatives — a key 
aspect of eusociality. 


STEM-CELL BIOLOGY 


Chemical reset 


Cell Stem Cell doi:10.1016/j. 
stem.2009.09.012 (2009) 
Adult cells can be turned into ‘pluripotent’ or 
embryonic-like stem cells with the insertion 
of four genes — Sox2, Oct4, Klf4 and c-Myc. 
However, this method is not clinically useful 
because c-Myc and Sox2 have been linked to 
cancer and the viral vectors used to transfer 
those genes are also cancer-promoting. 
Using chemical screening, Lee Rubin 
and Kevin Eggan at Harvard University 
in Cambridge, Massachusetts, and their 
colleagues discovered a small molecule, 
which they call RepSox, that essentially 
does the jobs of c-Myc and Sox2. Mouse 
cells expressing only K/f4 and Oct4 became 
pluripotent after treatment with RepSox. 
This may bea step towards chemical cell 
reprogramming that avoids gene transfer 
altogether. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Sam Wang 
Princeton University, New Jersey 


Aneuroscientist explores the 
energy efficiency of the brain. 


Considering its substantial 
processing capacity, the human 
brain consumes remarkably little 
power — about as muchas an idling 
laptop computer. So | was interested 
to learn that action potentials — 
the electrical ‘spikes’ that are the 
fundamental units of neuronal 
activity — are likewise remarkably 
energy efficient (H. Alle et al. 
Science 325, 1405-1408; 2009). 

During a spike, the voltage across 
aneuron’s membrane is reversed 
when sodium ions flow into the 
cell and potassium ions move out. 
This reversal spreads as a wave 
down the neuron’s axon towards its 
terminals, where it triggers synaptic 
transmission to other neurons. 

Henrik Alle of the Max Planck 
Institute for Brain Research in 
Frankfurt, Germany, and his 
colleagues recorded charge 
movements at axon terminals in 
mammalian hippocampal neurons. 
They found that sodium and 
potassium ions flow at largely 
non-overlapping times, with 
more than 75% of all charge 
contributing unopposed to the rise 
or fall of a spike. 

Such efficiency comes asa 
surprise. These axons outperform 
the much-studied squid giant 
axon by a factor of three. If the 
findings apply to other mammalian 
neurons, brain tissue may support 
more firing than suspected. The 
authors suggest that synaptic 
transmission may dominate the 
energy budget of brain tissue. 

These results have implications 
for functional magnetic resonance 
imaging, which measures increases 
in blood oxygenation in the brain as 
an indicator of neural activity. What 
causes the blood-oxygen boost 
is unknown: suggested triggers 
include synaptic transmission and 
action potentials. This paper is 
evidence for the former, because 
energy-intensive events such 
as synaptic signalling are more 
likely to be oxygen-hungry and to 
stimulate blood flow. The idea is 
supported by other recent evidence 
— a wonderful convergence. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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POLICY 


Climate advice: Britain requires 
a major shift in pace if it is to 
meet its self-imposed targets 

for cutting greenhouse-gas 
emissions, according to the 
Committee on Climate Change. 
In its first annual report to 
Parliament on the country’s 
progress, the committee, 
established last year, says that 
Britain’s current 0.5% annual 
drop must increase to 2-3% 

a year if the nation is to cut 

its emissions to 80% below 

1990 levels by 2050. It also 
recommends more investment in 
nuclear power, wind farms and 
carbon capture and storage, and 
notes that “recession-induced 
reductions must not be confused 
with underlying progress”. 


Energy investment: The 
European Commission has 
proposed investing an additional 
€50 billion (US$74 billion) into 
research and development for 
low-carbon energy over the 
next decade, increasing annual 
investment from the current 
€3 billion to €8 billion. The 
proposal lays out funding goals 
in seven sectors — wind, solar, 
nuclear, bioenergy, fuel cells, 
electricity grids and carbon 
capture and storage. Janez 
Potoénik, European Union 
commissioner for science and 
research, says that most of 

the money will need to come 
from the private sector. Policy- 
makers, researchers and 
business representatives will 
discuss the proposal at the 
21-22 October European 
Energy Technology Summit in 
Stockholm. See go.nature.com/ 
Shr8W2 for more. 


Grant cuts: A new ¥270-billion 
(US$3-billion) funding 
programme in Japan may be 
slashed to ¥100 billion, after the 
science and education ministry 
last week announced cuts to 

the supplementary budget of 
which the programme forms a 
part. Before it lost a 30 August 
election, the Liberal Democratic 
Party had chosen 30 research 
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MOON SMASH GIVES OFF FLASH 


For many eager astronomers (pictured watching outside the Ames Research Center in Moffett Field, 
California) NASA’s frontal assault on the Moon ended in a fizzle on Friday. The Lunar Crater Observation and 
Sensing Satellite crashed near the lunar south pole as planned, but an expected plume of bright debris was 
nowhere to be seen, even by powerful telescopes. Mission scientists did, however, spot a thermal flash and a 
crater, perhaps 20 metres wide, created by the impact. They were most excited about a tiny bump in brightness 
seen by a mission spectrometer, which could signal the presence of water that some think exists as ice in the 
bottom of the target crater. See go.nature.com/ZbzDDe for more. 


groups to receive money from 
the Funding Program for World- 
Leading Innovative R&D on 
Science and Technology. That 
programme's fate now awaits 

a decision by the Democratic 
Party of Japan. For more, see 
page 854. 


Carbon capture: One hundred 
large-scale carbon capture and 
storage (CCS) plants will be 
needed around the world by 
2020, and 3,400 by 2050, the 
International Energy Agency 
said in a ‘CCS roadmap. Most of 
the plants would need to be built 
in industrializing nations such 

as China and India, and from 
2010 to 2020, governments in 
developed nations should invest 
US$3.5 billion-4 billion each year 
for CCS demonstrations. The 
report's release on 13 October 
coincided with calls from energy 
ministers — including US energy 
secretary Steven Chu — to 


CRUNCH 


The probability that 
asteroid Apophis will hit 
Earth in 2036, revised 
from NASA's previous 
estimate of 1in 45,000. 
Phew. 
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rapidly advance CCS technology 
as they gathered at the Carbon 
Sequestration Leadership Forum 
in London this week. 


AWARDS 


Stars over Washington: A 
select group of astronomers 

and schoolchildren flooded the 
south lawn of the White House 
on 7 October for the first-ever 
presidential star party. Before 
stepping up to telescopes to look 
at the night sky, US President 
Barack Obama introduced 
several young astronomers, 
including high-school student 
Lucas Bolyard of West Virginia, 
who explained to him what 

a pulsar was. Earlier in the 

day, Obama had handed out 
this year’s National Medals of 
Science and National Medals of 
Technology and Innovation to 
14 researchers in a White House 
ceremony. 
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Ribosome reward: Three 
structural biologists who mapped 
the structure and workings of the 
ribosome — the cell’s machinery 
for churning out proteins from 
genetic code — have won the 
2009 Nobel Prize in Chemistry. 
Venkatraman Ramakrishnan, 
who works at the Medical 
Research Council’s Laboratory of 
Molecular Biology in Cambridge, 


UK; Ada Yonath of the Weizmann 


Institute of Science in Rehovot, 
Israel, and Thomas Steitz at 
Yale University in New Haven, 
Connecticut, share the prize 
equally. See page 860 for more. 


@ RESEARCH 


Physicist charged: French 
police have charged a researcher 
working at CERN, Europe's 
particle-physics laboratory 

near Geneva in Switzerland, 
with having links to terrorists. 
Adléne Hicheur, a postdoc at 

the Swiss Federal Institute of 
Technology in Lausanne, was 
arrested on 8 October in Vienne, 
France. Authorities have accused 
the 32-year-old of supplying 

the North African branch of 
al-Qaeda with possible targets 
for future attacks in France. 
Hicheur was working on the 
beauty experiment, one of four 
main projects at CERN’s Large 
Hadron Collider, the world’s most 
powerful particle accelerator. See 
go.nature.com/H5f7deg for more. 


Peer-review probe: A dispute is 
widening between the editorial 
board of the Proceedings of the 
National Academy of Sciences 
(PNAS) and academy member 
Lynn Margulis, a cell biologist at 
the University of Massachusetts, 


SOUND 
BITES 


“In virtually every 
aspect of the talks 
there has been minimal 
progress of any 
substance.” 


Saleemul Hug, a lead scientist 
on the Intergovernmental Panel 
on Climate Change, reports 
back from climate negotiations 
in Bangkok that were meant 

to set the stage for the crucial 
Copenhagen summit in 
December. See go.nature.com/ 
NEBbNs for more. 


Amherst. Under a PNAS 
submission route to be phased 
out by July 2010, Margulis had 
“communicated” a paper bya 
non-academy member to the 
journal, which it published online 
in August. In the wake of rows 
over Margulis’s alleged selective 
communication of reviews for 
the work, two additional papers, 
one co-authored by Margulis and 
one communicated by her, are 
now also in limbo. See go.nature. 
com/7wTuld for more. 


Misconduct ban: The DFG, 
Germany's major national 
research agency, has disciplined 
two senior biodiversity 
researchers at the University of 


Géttingen by banning them from 


sitting on DFG committees for 
three years. The agency says that 
Teja Tscharntke and Christoph 
Leuschner misrepresented 

the publication status of 54 
research papers in applications 
for continued funding of major 
research grants. Three other 
scientists in the Collaborative 
Research Centre and graduate 
college supported by the DFG 
were given a formal rebuke. 

In August, an independent 
investigation committee found 
the scientists guilty of “gross 
negligence” (see Nature 460, 
791; 2009). 


Leader lost: The US National 
Institutes of Health (NIH) said 
goodbye last week to institution 
icon Ruth Kirschstein (pictured), 
who died on 6 October at the 
age of 82. In 1974, Kirschstein 
became the first female director 
of an NIH institute when she 
took over the National Institute 
of General Medical Sciences, 
which she led until 1993. She 
also served as acting director for 
the NIH twice, once in 1993 and 
again from 2000 to 2002. 


@ BUSINESS 

Patents tiff: The US Patents and 
Trademark Office has changed 
its mind about proposed rules 
intended to cut down on the 


THE WEEK 
AHEAD 


15 OCTOBER 

NASA begins six years of flights 
over Antarctica, in what will be 
the largest airborne survey of sea 
ice, glaciers and ice sheets. 

> www.espo.nasa.gov/arcticicegap 


18-21 OCTOBER 

Portland, Oregon, hosts the 
annual meeting of the Geological 
Society of America. 

> www.geosociety.org/ 
meetings/2009 


19-22 OCTOBER 

Paris hosts the AIDS vaccine 
conference 2009. 

> www. hivvaccineenterprise.org 


20-24 OCTOBER 

The American Society of Human 
Genetics annual meeting will be 
held in Honolulu, Hawaii. 

> www.ashg.org 


210CTOBER 

The World Health Organization 
releases its State of the World's 
Vaccines and Immunization report. 
» go.nature.com/dIZEPu 


number of times an applicant can 
add claims to an existing patent. 
In 2007, the drug company 
GlaxoSmithKline sued the patent 
office to try to keep the proposals 
from going into effect. A district 
court ruled in the firm’s favour, 
and the proposals have been tied 
up in court since then; however, 
the patent office dumped them 
completely on 8 October. 


average expenditure on research and development as 
a percentage of gross domestic product, from 0.8% 
in 2002 to 1.0% in 2007 — although spending varied 
greatly between countries. China saw a rise from 1.1% 
to 1.5%, whereas India nudged up from 0.7% to 0.8%. 


FUNDING WATCH DEVELOPIN 


Developing countries have more than doubled their 
spending on science over a 5-year period, from 
US$134 billion in 2002 to $272 billion in 2007, a 

new report shows. The figures are adjusted to take 
into account the relative cost of living in different 
countries. Over this period, the number of researchers 
jumped by 50% in developing nations, but by just 
8.6% in developed countries, according to data 
released by the UNESCO Institute for Statistics on 

6 October. Developing nations also upped their 
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Number of researchers 
2002 1.8 million 2007 2.7 million 
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G NATIONS BOOST SCIENCE SPEND 
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R&D spend (adjusted for cost of living) 
2002 US $134 billion 2007 US $272 billion 


853 


SOURCE: UNESCO UIS 


NEWS 


Japan to slash huge grant scheme 


Upstart government brings fresh priorities to science. 


In September, 30 research groups in Japan, 
led by some of the country’s biggest scientific 
names, were celebrating their selection to a 
new ¥270-billion (US$3-billion) funding pro- 
gramme. But the programme is now under fire 
from both politicians and researchers, and its 
funding may be cut by almost two-thirds. 

The projects were selected on 4 September 
— five days after the ruling Liberal Democratic 
Party lost an election in a landslide, and 12 days 
before it had to yield power to the Democratic 
Party of Japan (DPJ). The DPJ needed money 
to fund campaign promises, such as stipends 
for families with children (see Nature 460, 938; 
2009), and asked all ministries to cut back by at 
least ¥3 trillion the ¥14.7 trillion that had been 
allocated this spring as part of a government 
supplemental funding package. 

On 6 October, the science and education 
ministry announced that it would cut 21% 
from its supplementary budget. It has not 
revealed details of where those cuts would be 
made, but Japan's deputy prime minister Naoto 
Kan has reportedly laid out a framework by 
which the Funding Program for World-Lead- 
ing Innovative R&D on Science and Technology 
(FIRST) would be reduced from ¥270 billion to 
¥100 billion. According to the plan, which had 


Deputy prime minister Naoto Kan has laid out a 
plan to cut back on Japan's big-science funding. 


not been made official as Nature went to press, 
¥70 billion would be cut altogether and the 
other ¥100 billion would be used for smaller 
grants to other groups or transferred to a scheme 
for sending young scientists abroad. 

The 30 groups scheduled to receive FIRST 


funding span a variety of fields, from 
mathematics to neurogenetics and nano- 
biotechnology. The list includes many of 
Japan’s most famous scientists, including 
Shinya Yamanaka of Kyoto University, who 
received funding to set up a stem-cell bank 
for the induced pluripotent stem (iPS) cells he 
created; Shizuo Akira of Osaka University, for 
a project on manipulating immune responses; 
and Nobel laureate Koichi Tanaka of Shimadzu 
Corporation in Kyoto, for a mass-spectrometry 
project on drug discovery and diagnosis. 

The shortage of new faces, critics say, could 
stem from a rushed application and selection 
process. The 3-week application period ended 
on 24 July; a team of 24 scientists then gunned 
through the 565 proposals to reduce the field 
to 60. One team member told Nature that 
the committee often had to abstain or make 
ill-informed judgements based on skimming 
materials. “It’s incredible to give that kind of 
money with no long-term feasibility study or 
in-depth analysis,” says the member, who asked 
to remain anonymous. 

Takafumi Matsui, a planetary scientist at the 
Chiba Institute of Technology who sat on the 
second-stage committee that chose the final 30 
grantees, defends the process. “I normally read 
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Cancer metastasis scrutinized 


BOSTON 


Most cancer research has focused 
on blocking primary-tumour 
growth, even though cancer cells 
that cut loose from tumours and 
invade other tissues account for 
90% of cancer-associated deaths. 
But at the first conference on 
Frontiers in Basic Cancer Research, 
hosted by the American Association 
for Cancer Research last week in 
Boston, Massachusetts, cancer 
biologists reported that this focus is 
changing. Many experts are turning 
to study the secondary tumours that 
form when circulating cancer cells 
infiltrate and colonize other organs 
—aprocess known as metastasis. 
“The time is now ripe for 
scientifically deconstructing the 
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process of metastasis in different 
types of cancer,” says Joan 
Massagué of the Memorial Sloan- 
Kettering Cancer Center in New 
York City. 

At the conference, Daniel Haber 
of the Massachusetts General 
Hospital in Charlestown described 
a microfluidic chip that can detect 
vanishingly rare tumour cells 
circulating in the bloodstream. This 
technique, he says, could identify 
rogue cancer cells long before 
metastases form. 

And using a novel genetically 
engineered mouse model of 
lung cancer, Tyler Jacks of the 
Massachusetts Institute of 
Technology in Cambridge and his 
postdoc Monte Winslow found 


that a transcription factor called 
Nkx2-1is a metastatic suppressor, 
specific to lung cancer, that is 
active in primary tumours but shut 
off in secondary cancers. “This 

is probably the closest thing you 
have to taking metastasis froma 
patient,” says Winslow. 

Whether a metastatic cancer cell 
triggers a new tumour is “a big if", 
says Massagué. What's more likely, 
he says, is that these cells reseed 
the same tumour from which they 
originated. Massagué presented 
data from mice showing that the 
circulating cells express genes 
allowing them to infiltrate tissues. 
But the primary tumours from which 
the cells came release signals to 
attract them back, so if they don’t 
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land in a new organ they return 
home and aggravate tumour growth 
there. “The tumour is selecting 

for the worst of its children,” says 
Massagué. He is testing whether 
these tissue-adapted metastatic 
cells account for the high rates of 
relapse seen following many cancer 
therapies. 

Robert Weinberg of the 
Whitehead Institute for Biomedical 
Research in Cambridge, 
Massachusetts, linked metastatic 
cells to cancer stem cells — 
rare cells thought to fuel primary- 
tumour growth — through a 
common molecular transformation 
called the epithelial-mesenchymal 
transition. Weinberg says that this 
transition allows the metastatic cells 


THE BUTTERFLY EFFECT 


GETS ENTANGLED 
Cold-atom experiments 
show chaotic fingerprints in 
the quantum world. 
go.nature.com/qz6yoY 


about a lot of fields of science,’ he says, “so I 
could quickly judge their merits.” 

Many critics took exception to the 
premise of funding such large-scale, focused 
projects, saying that fundamental research 
could be losing out. For instance, on 3 Octo- 
ber Shinichi Aizawa, president of the Japa- 
nese Society of Developmental Biologists, 
called for policy-makers to better balance 
applied research with basic science. 

Yamanaka told Nature that he was 
reserving comment until the DPJ makes 
an official statement about the fate of the 
programme. 

Atsushi Sunami, director of the science 
and technology policy doctoral programme 
at the National Graduate Institute for Policy 
Studies in Tokyo, also thinks that the grants 
are too big. “With this kind of funding, you 
could do more high-risk, high-return smaller 
projects,” he says. “What will the extra fund- 
ing achieve for these groups that are already 
funded? It’s not clear. Youre pouring water 
into something that’s already full” 

But two aspects of the FIRST programme 
could set a good precedent for Japan, Sunami 
says. Grantees can take the funding to any 
institution they please — an attempt to 
introduce competition and fluidity among 
research centres. And the grants are given for 
five-year terms so that grantees don't need to 
rush to spend, and potentially waste, money 
at the end of each fiscal year. ao 
David Cyranoski 


to become both motile and self-renewing. 
Many aggressive secondary tumours might 
form from newly converted cancer stem cells, 
he notes, overturning the standard dogma 
that stem cells generate non-stem cells. 

Meanwhile, Sijin Liu of Tufts University 
School of Medicine in Boston reported one 
of the first drug compounds that can directly 
block metastasis, ina mouse model of breast 
cancer. Liu showed that inhibiting the ROCK 
signalling pathway with a small molecule 
led to around 35% fewer metastases, as 
well as decreasing the mass of the resulting 
secondary tumours by nearly 80%. 

Until such therapies exist, however, 
understanding primary tumours remains 
a major route to indirectly mitigating 
metastasis, Jacks says. “It could be that we 
will enter an era of cancer management,” he 
says, “in which our understanding of how 
tumours advance through these early stages 
will present us with preventative strategies 
to block the emergence of laterlesions."” _ & 
Elie Dolgin 


Fusion delays sow concern 


Construction at the site of ITER — the 
multibillion-euro project to prove 
controlled nuclear fusion — has been at a 
standstill since April, Nature has learned. 

The stoppage comes as European 
contributors negotiate how to pay for 
their share of ITER, a collaboration 
between Europe, Japan, South Korea, 
Russia, the United States, China and 
India. The European Union (EU) is by far 
the largest participant, providing some 
45% of construction costs, including the 
buildings that will eventually house the 
giant machine in St Paul lez Durance, in the 
south of France. 

Excavations for the buildings, slated 
to begin this autumn, will 
not start until spring 2010 
— roughly a year after site 
preparations were completed. 

European officials say that 
the reasons for the delay are 
technical rather than political, 
and that they will be able to meet the 2018 
deadline for completing construction. “The 
project is not on standby,” says Catherine 
Ray, aspokeswoman for research for the 
European Commission in Brussels. 

But some researchers are concerned that 
the political impasse could push back ITER’s 
start date. “I’m worried that whatever 
we lose now could delay the project’s 
completion,” says Giinther Hasinger, 
scientific director of the Max Planck 
Institute of Plasma Physics in Garching, 
Germany. 

When completed, the machine will heat 
and compress hydrogen isotopes until they 


mir 


The ITER site: ready for buildings. 


© 2009 Macmillan Publishers Limited. All rights reserved 


m worried that 
whatever we lose 

now could delay the 
project's completion.” 


fuse into helium, releasing energy. 

In 2006, ITER was slated to cost around 
€5 billion (US$7.4 billion) to construct and 
another €5 billion to operate over a 20-year 
period. But following an extensive design 
review, the construction costs are now 
expected to at least double (see Nature 459, 
488; 2009). 

Ray says that the EU had budgeted nearly 
€10 billion for construction, operation 
and decommissioning over a 35-year 
period. But now the 27 EU member states, 
plus Switzerland, must come up with 
additional commitments to cover the cost 
increase. Hasinger says that until they 
provide a plan for funding, construction 
is unlikely to begin. “The 
problem in the European 
situation is that they need 
the whole commitment for 
construction before they can 
award the contracts,” he says. 

Sources close to the 
negotiations say that a number of options 
are being considered. One would be to 
secure additional commitments from 
member states. Another would be a 
promise from the European Investment 
Bank, headquartered in Kirchberg, 
Luxembourg, to provide loans for any 
additional funds needed. 

Such a loan scheme would not be 
unprecedented: in 2002 CERN, Europe’s 
high-energy physics laboratory near 
Geneva, Switzerland, took outa 
€300-million loan to pay for construction 
costs for the Large Hadron Collider 
particle accelerator. 

Officials say that the situation is under 
control. Although the budget delays could 
cause problems down the line, “I am not 
limited by the amount of money for right 
now,’ says Didier Gambier, the director 
of Fusion for Energy in Barcelona, Spain, 
which oversees the contracts for ITER’s 
buildings. 

Gambier says that the decision to delay 
contracts was purely technical, and driven 
in part by the fact that the design of ITER is 
still being finalized. “We still need to have 
more information from the other parties,” 
he says. Nevertheless, he says, “we are 
pushing as hard as we can’. 

ITER is expected to be completed in 2018 
and to conduct its first power-producing 
experiments in 2026. | 
Geoff Brumfiel 


ITER 
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Where the US stimulus money is going 


he American Recovery and Reinvestment 
Act, passed by Congress in February 2009, 
provides about US$787 billion of stimu- 


Here, Nature looks at where $52.65 billion of 
the money for science is being directed. For 
some concerns about how it is being spent, see 


Allocated stimulus funding 


Ovens | 


lus funding to boost the country’s economy. 


page 876. 
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$400 million: 
Major research equipment 
and facilities construction 


$148 million: Alaska 
Region Research Vessel 


$106 million: 
Ocean Observatories Initiative 
(see go.nature.com/aV6ZIF) 
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$300 million: 
Shared instrumentation 


5 2009 budgets (not including stimulus) 


Distribution of funds (not comprehensive) 


Percentage of stimulus funds spent to date 
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$800 million: 
Office of the Director, 
including many new 
Challenge Grants and 
Grand Opportunity grants 


@ \ 
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$7.4 billion: 
Institutes and 
centres, in amounts 
proportional to 
regular budgetary 
allocation 


$10.4 billion: 
National 
Institutes 

of Health 


— 6 billion: 
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bee $830 million: 
National Oceanic and 
_Atmospheric Administration 
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$63 million: 
Advanced 
networking 
$60 million: Environmental Molecular Sciences Laboratory initiative 
at Pacific Northwest National Laboratory in Washington o eo 


@ $65 million: Continuous Electron Beam Accelerator Facility 
at the Thomas Jefferson National Accelerator Facility in Virginia 


$60 million: Atmospheric Radiation 
Measurement Climate Research Facility E 
© $108.5 million: Science laboratories infrastructure 
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at Fermi National Accelerator Laboratory in Illinois 
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Key protein-design 
papers challenged 


Chemists question stability of proteins from 2003 Nature study. 


Two papers published by protein engineer 
Homme Hellinga’s lab at Duke University 
Medical Center in Durham, North Carolina, 
have been challenged. 

Last year, Hellinga retracted papers in 
Science and the Journal of Molecular Biology” 
after John Richard, a physical chemist at the 
State University of New York at Buffalo, found 
that enzymes designed by Hellinga’s lab did 
not work as reported’. Now, questions have 
been raised about a 2003 paper in Nature* and 
a 2004 paper in the Proceedings of the National 
Academy of Sciences”. In both, Hellinga’s group 
used a computer program called Dezymer to 
design proteins that could bind new 


shape, which his team interpreted as a sign that 
the proteins had bound their ligands. 

Other scientists call the results puzzling. 
David Baker, of the University of Washington 
in Seattle, says that Hocker did not test every 
protein reported in the original papers, so it 
is possible that some of the proteins do work. 
But for the proteins Hécker did characterize 
biochemically, he says, “it’s a little hard to see 
how they could have worked as designed”. 

“There is a qualitative difference in the 
results from Hellinga’s lab and the German lab,’ 
adds Jack Kirsch, a chemist and biologist at the 
University of California, Berkeley. “Clearly they 
cant both be right.” 


molecules, or ligands. “Clear! y th ey Jeff Smith, who collaborated on the 
The work was considereda mile- can't both 2003 Nature paper while a postdoc- 
stone for showing that it was possible be right.” toral fellow in Hellinga’s lab, says that 


to use computer algorithms to design 
proteins that bind tightly to small molecules. 

Birte Hocker, a former postdoctoral fellow 
of Hellinga’s, and her team at the Max Planck 
Institute for Developmental Biology in Tibin- 
gen, Germany, assembled and analysed five 
of the designed proteins that seemed to work 
best®. She found that all five were very unstable, 
and one was too unstable to analyse further. 
The group then examined the structure of one 
of the proteins using crystallography and found 
that its binding pocket was similar to that pre- 
dicted by Dezymer — but that it did not bind 
its intended ligand. 

And using three methods to detect the 
changes in stability, heat and shape that nor- 
mally occur when proteins bind their ligands, 
the team found no evidence that the designed 
proteins were binding their intended ligands. 

Hellinga says that Hocker used higher con- 
centrations of proteins in her tests than his 
group did in its original paper, and that this 
could have affected her results. He wrote ina 
statement that his lab will study the designs she 
reanalysed. “If we fail to observe binding in the 
studies outlined above,” he says, “then we will 
draw the same conclusions” as Hécker. 

Hocker speculates that she obtained differ- 
ent results because she used different methods 
to test binding, including direct measurements. 
Hellinga used an indirect method: he designed 
the proteins so that they included a fluorophore 
that emitted a signal when the proteins changed 


he performed follow-up studies on 
three of the proteins after the paper was pub- 
lished. Two of them consistently did not work, 
but a third — which Hocker did not analyse — 
did, says Smith, now chief science officer of a 
biotechnology company in Durham. This, he 
says, convinced him that the third protein did 
work: “I would stand by it,” he says. 

Hellinga says the proteins’ instability was 
mentioned in his papers. 

In 2007, Hellinga charged Mary Dwyer, a co- 
author of the Nature paper, with misconduct in 
connection with the retractions. Dwyer denied 
the charges. Duke University School of Medi- 
cine convened an enquiry and cleared Dwyer in 
February 2008. Hellinga wrote to Nature in July 
2008 indicating that Duke had, at his request, 
opened an enquiry into his own actions involv- 
ing the retractions’. Duke declined to answer 
questions about the status of the enquiry. m™ 
Erika Check Hayden 
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Structural biology bags chemistry prize 


Chemistry Nobel for trio who described the ribosome. 


Three structural biologists who 
mapped the structure and inner 
workings of the ribosome — 
the cell’s machinery for churn- 
ing out proteins from genetic 
code — have won this year’s 
Nobel Prize in Chemistry. 

Venkatraman Ramakrishnan, 
who works at the Medical 
Research Council's Laboratory 
of Molecular Biology in Cam- 
bridge, UK; Ada Yonath of the 
Weizmann Institute of Science 
in Rehovot, Israel; and Thomas 
Steitz at Yale University in New 
Haven, Connecticut, share the 
prize equally. 

“So many people contributed, 
and the ribosome is so impor- 
tant, that I am just pleased to be 
one of the three,” says Ramakrishnan. 

Explaining the ribosome’s structure was a 
key step towards understanding how it trans- 
lates DNA into proteins. “Until you see how 
atoms are arranged, it’s hard to integrate bio- 
chemical knowledge into that framework,” 
Ramakrishnan says. “High-resolution pictures 
change the nature of the field, directing bio- 
chemical experiments. They have a dispropor- 
tionate impact.” 

Ramakrishnan and Steitz’s groups used 
X-ray crystallography to solve increasingly 
high-resolution structures of different ribo- 
somes, mostly from simple organisms such as 
bacteria. Yonath paved the way for these stud- 
ies by creating the first ribosome crystals. From 
such structures, researchers have 
worked out how the ribosome 
grabs messenger RNA — tran- 
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“High-resolution 
pictures change 


peennmememmeee 


Thomas Steitz, Venkatraman Ramakrishnan and Ada Yonath share this year’s chemistry Nobel. 


doing,” says Yehiam Prior, head of the Weiz- 
mann Institute's chemistry department. 

By using resilient organisms with particu- 
larly stable ribosomes, including salt-loving 
creatures from the Dead Sea, Yonath succeeded 
in creating three-dimensional crystals of the 
molecule. By hitting these with X-rays, she pro- 
duced the first blurry images of the ribosome. 

At that point, other teams piled in to create 
structures of high enough resolution to deter- 
mine atomic structure. Steitz’s team focused 
on the molecule’s larger 50S subunit, which 
joins amino acids together into proteins, and 
published the first atomic-resolution structure 
in 2000 (N. Ban et al. Science 289, 
905-920; 2000). 

“These were very exciting 


scribed from DNA — follows the nature of the times, with huge competition 
its amino-acid recipe, and binds ,, with other groups in the field. We 
these units together to produce field. They have a had hourly discussions every day,” 
proteins. dis propo rtionate recalls Nenad Ban, who worked 

Even in its smaller bacterial impact.” in Steitz’s laboratory as a postdoc 


form, the ribosome is a large and 
complex structure, consisting of two subunits 
and more than 50 different proteins. In the 
late 1970s, this was orders of magnitude larger 
than other biological molecules that had been 
coaxed into forming crystals, such as haemo- 
globin and myoglobin. Yonath tried anyway. 
“The idea of crystallizing the ribosome was 
completely outrageous, but Ada had a deep- 
rooted belief that she knew what she was 
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and is now at the Swiss Federal 
Institute of Technology Zurich. 

Ramakrishnan’s group, meanwhile, attacked 
the smaller 30S subunit, which latches onto 
mRNA (B. T. Wimberley et al. Nature 407, 
327-339; 2000). 

Unravelling the ribosome’s structure may 
produce dividends in terms of the poten- 
tial to develop novel antibiotics. “The ribo- 
some is already starting to show its medical 
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importance,” Ramakrishnan notes. All three 
researchers have published analyses of how 
antibiotics attack bacteria by disrupting their 
ribosomes and so preventing them from creat- 
ing proteins. 

Chloramphenicol, for example, binds to the 
50S subunit’s active site, preventing it from 
joining amino acids together, whereas eryth- 
romycin ‘constipates’ the ribosome by blocking 
the channel through which a completed chain 
of amino acids is normally released into the 
cell’s cytoplasm to fold up. 

As bacteria have evolved resistance to these 
antibiotics, start-up companies such as Rib-X 
Pharmaceuticals — based in New Haven, Con- 
necticut, and spun out of Steitz’s team — are 
using knowledge of the ribosome’s structure 
to create new antibiotics, which are currently 
in clinical trials. 

It is the third time in seven years that the 
chemistry Nobel has been awarded to crystal- 
lographers who have determined the structure 
and function of a complex biological molecule. 
“It does seem to be a recurring theme,’ says 
Thomas Lane, president of the American 
Chemical Society in Washington DC. 

But at its heart, this structural biology is 
“fundamentally chemistry’, adds Jeremy Sand- 
ers, head of physical sciences at the University 
of Cambridge, UK. “Even if many chemists had 
never heard of any of the winners.” a 
Richard Van Noorden 
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FINDING TRUE 
STEM-LIKE CELLS 

Imaging identifies bona fide 
reprogrammed cells. 
go.nature.com/iuBQeO 
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Impact theory under fire once more 


Independent studies are casting more doubt 
ona controversial theory that a comet 
exploded over North America nearly 13,000 
years ago, wiping out the Clovis people and 
many of the continent’s large animals. 

Archaeologists have examined sediments 
at seven Clovis-age sites across the United 
States, and found that the concentration of 
magnetic debris was insufficient to confirm 
an extraterrestrial impact at that time, says 
a report in the Proceedings of the National 
Academy of Sciences (PNAS)'. 

In 2007, a team led by Californian 
researchers proposed that a comet or asteroid 
had exploded over the North American 
ice sheet, creating widespread fire and an 
atmospheric soot burst followed bya cooling 
period known as the Younger Dryas’. 
Sometime after this, the Clovis people, large- 
animal hunters known for their spear points, 
mysteriously disappeared. 

Key evidence for the purported impact 


was magnetic microspherules discovered in 
sediments at 25 locations. Richard Firestone, 
of Lawrence Berkeley National Laboratory 
in California, and his colleagues argued 


and one of Firestone’s co-authors. Another 
co-author, geophysicist Allen West of 
Prescott, Arizona, says that Surovell’s group 
didn't use the correct techniques to extract, 


that the microspherules : ; identify and quantify the 

were cosmic debris from an “I didn't find any microspherules. 

explosion. Butinmorethan —_ physical evidence to Ina PNAS article’ published 
18 months of sedimentary suppo rt their theo ry in February, Jennifer Marlon, 


analysis, a team led by Todd 
Surovell, an archaeologist at the University 
of Wyoming in Laramie, was unable to 
detect high levels of microspherules at any 
of the sites, including two where Firestone’s 
team had reported finding them. 

“I spent hundreds of hours at the 
microscope examining sediment samples,” 
says Surovell, “and I didm't find any physical 
evidence to support their theory.’ 

The other team isn’t backing down. “Their 
study doesn’t negate our hypothesis,” says 
James Kennett, a palaeoceanographer at 
the University of California, Santa Barbara, 


a doctoral geography student 
at the University of Oregon in Eugene, 
and her colleagues found no evidence of 
systematic burning of biomass — as would 
have occurred if continent-wide fires had 
happened — at the time of the Younger Dryas 
in pollen and charcoal records at 35 sites. ™ 
Rex Dalton 
1. Surovell, T. A. et al. Proc. Natl Acad. Sci. USA advance online 
publication doi:10.1073/pnas.0907857106 (2009). 
2. Firestone, R. B. et al. Proc. Nat! Acad. Sci. USA 104, 
16016-16021 (2007). 


3. Marlon, J.R. et al. Proc. Natl Acad. Sci. USA 106, 2519-2524 
(2009). 


For more, see go.nature.com/kWeeKL 
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Small, furry...and smart 


Researchers have engineered more than 30 strains of ‘smart mice’, 
revealing possible ways to boost human brains. But, as Jonah Lehrer 
finds, cognitive enhancement may come at a cost. 


en years ago, Joe Tsien eased a brown 
mouse, tail first, into a pool of opaque 
water. The animal squirmed at first; 
mice don't generally like getting wet. 
But once released, it paddled in a wide circle, 
orienting itself by the array of coloured 
shapes hung above the pool. Within sec- 
onds, the mouse headed 
straight for the safety of 
asmall platform hidden i 
just beneath the water’s 
surface. 

Most mice require at 
least six sessions before 
they can remember the 
location of the platform 
in a Morris water maze. 
But this animal needed 
just three. 

Tsien, based at Prince- 
ton University in New 
Jersey at the time, named 
his creation Doogie after 
the teenage genius in the 
television programme 
Doogie Howser, MD. 
The work was one of the 
earliest examples of neu- 
roscientists using genetic 
engineering to generate cognitively enhanced 
animals in a bid to understand memory and 
learning. 

“There’s something magical about taking a 
mind and making it work better,’ says Alcino 
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NR2B (DOOGIE) 


Transgenic mouse overexpressing 
the NR2B protein, which enhances 
NMDA receptor signalling?, 


Comparison with normal mice: 

¢ Morris water maze: Better 

¢ Contextual fear conditioning: Bettey 
¢ Cued fear conditioning: Bettey 

¢ Fear extinction: Bette 

° Object recognition: Better 


Has vepovts of . 
chronic PAK 


Silva, a professor of neuroscience at the Univer- 
sity of California, Los Angeles, and one of the 
pioneers in the field of enhanced cognition. 
Researchers have now created or identi- 
fied at least 33 mutant mouse strains that, like 
Doogie, have enhanced cognitive abilities. 
The animals tend to learn faster, remem- 
ber events longer and 
solve complex mazes 
| better than ordinary 
mice. And because 
the molecular path- 
ways used in the brain 
to form long-term 
memories are almost 
identical in humans 
and rodents, the hope 
is that the work will 
inform research into 
treatments for a wide 
variety of learning 
and memory prob- 
lems, from dyslexia 
to dementia. 

Much of the work 
involves making an 
adult brain behave 
more like a younger, 
more flexible version 

of itself by increasing the organ’s plasticity. 
This, in turn, means that some problems, long 
believed to have been made permanent during 
development, might actually be reversed. 
Moreover, the mice raise a tantalizing 
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possibility that normally functioning human = 
brains could be improved. Already, drugs 3 
designed to help with attention deficit and sleep = 
disorders are infiltrating college campuses and 
workplaces around the world, where they are 
being used without prescription to enhance 
cognition. Within the next decade, it might be 
possible to take a pill that will not only help 
alleviate the symptoms of learning disorders 
but also act as an intellectual steroid, pump- 
ing up the brain’s potential. What the mice 
have clearly shown, in ways that pill-popping 
humans have not, is that enhancement could 
have unexpected trade-offs. 


Improving on evolution 

It was while Silva was studying mouse models 
of neurofibromatosis, a genetic disorder char- 
acterized by learning disabilities and benign 
tumours in nerve tissue, that he inadvertently 
created his first smart mouse. The disorder is 
caused by a mutation in a single gene, and Silva 
thought that models of the disease might allow 
him to investigate the molecular mechanisms 
underlying learning and memory. 

In one model, Silva and his colleagues found 
that Ras, a family of growth-promoting signal- 
ling proteins, had enhanced activity ina subset of 
neurons that inhibit the firing rate of connected 
neurons. Steven Kushner, a postdoc in Silva’s lab, 
engineered a mouse that had a constantly active 
form of one of the Ras proteins, Hras, but only 
in excitatory neurons, which increase the fir- 
ing rate of connected neurons. The team was 


Hras 
Overexpresses the oncogene Hras in 
excitatory neurons!. 


Comparison with normal mice: 
¢ Morris water maze: Bettey 
° Contextual fear conditioning: Bette | 
¢ Cued fear conditioning: No data | 
e Fear extinction: No data 

* Object recognition: No data 


Comments: 
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surprised to find that these animals learned 
and remembered things much faster than nor- 
mal mice in certain memory tests’. After just a 
single trial, the engineered mice learned to link 
a minor electrical shock with specific surround- 
ings, causing the animals to freeze in fear when 
placed back in the cage where it first received the 
shock. Normal animals don't learn this associa- 
tion with such a mild shock. 

The team was able to identify how this 
enhanced learning came about at the molec- 
ular level. Long-term memory is believed to 
be based on the strength of the link between 
two nerve cells. What Silva's team saw was an 
increase in the amount of the neurotransmitter 
glutamine being released at the synapse — the 
junction between two neurons — in the Hras 
mutants, which strengthened the connection 
at that junction through a process called long- 
term potentiation (LTP). 

“The thrilling part is being able to connect 
these seemingly slight differences at the molec- 
ular level to dramatic differences in observed 
behaviour,’ Silva says. “That's a sign that we're 
really starting to understand the core processes 
of learning and memory in the brain” 

Unlike Silva, Tsien had set out to create a 
smart mouse when he developed Doogie. He 
focused on brain-cell receptors for the chemi- 
cal NMDA (N-methyl-p-aspartate). First 
linked to long-term memory in the late 1980s, 
the NMDA receptor is often referred to as the 
brain’s ‘coincidence detector’ as it is activated 
only when two connected cells fire simultane- 
ously. The receptor enhances LTP, with the end 
result that the brain can detect the connections 
between seemingly separate events, such as 
seeing fire and feeling pain. 

Tsien created Doogie by overexpressing a 


subunit of the NMDA receptor called NR2B. 
This kept the receptors open for longer, 
strengthening the synaptic link and making it 
easier for disparate events to be linked together. 
“They all thought I was crazy,” recalls Tsien. 
“They said the brain has been optimized by 
evolution. You won't be able to improve it” 

When Tsien published his results’ in 1999, 
the media reacted with excitement and hyper- 
bole. Time magazine put the research on its 
cover, asking whether researchers had finally 
found the “IQ gene”. 

Doogie and the enhanced mutants that have 
followed in its wake share more than just the 
accolade of being smart. “What's most striking 
about these different animals is the conver- 
gence, Silva says. Nearly all of the mouse strains 
show enhanced LTP. “There are so many differ- 
ent ways to tinker with learning and memory, 
and yet almost all of these improvements work 
through the same mechanism,’ he says. Accord- 
ing to Silva and others, this is evidence that 
LTP is a fundamental feature of learning and 
memory, and that by increasing plasticity it is 
possible to increase cognitive capacity. 


The damage undone 
Being able to genetically engineer an animal 
with enhanced brain power is exciting, but 
can a brain that has already developed abnor- 
mally be fixed? In some instances, the answer 
may be yes. 

One promising example involves work 
ona protein called CREB, which is impli- 


catedin memory for- » 

mation. In 1995, Tim ” 

Tully, a neuroscientist | | 

then at Cold Spring 

Harbor Laboratory in Cdk5 


New York, managed to 
improve memory and 
learning in a mutant 
fruitfly’ by overex- 
pressing a form of 
CREB. He and others 
built on this work in 
mice to try to tackle a 
rare genetic condition 
called Rubinstein- 
Taybi syndrome. 
Characterized in 
humans by severe 
learning difficulties, 
as well as short stat- 
ure and an increased 
risk of developing 
tumours, Rubinstein—Taybi syndrome is caused 
by mutations in the gene for the CREB-binding 
protein. Neuroscientists had assumed that the 
cognitive defects caused by the syndrome were 
irreversible — especially as the condition can 


degradation?® 
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Conditional knockout that 
lacks the cyclin-dependant 
| kinase 5 in the brain, which 
| reduces NMDA-receptor 


Comparison with normal mice: 

e Morris water maze: Bettey 

¢ Contextual fear conditioning: Buttev 
¢ Cued fear conditioning: JAjme 

¢ Fear extinction: Bettey 

° Object recognition: No data 
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be diagnosed before birth. But in 2003, Tully 
and several others showed that administering 
drugs that increase CREB activity in mouse 
models of the disease dramatically improves 
the animals’ ability to learn*®. 

“We get complete recovery in adult mice,’ 
says Mark Mayford, a neuroscientist at the 
Scripps Research Institute in La Jolla, Califor- 
nia, who was an author on one of the studies. 
“I was pretty amazed.” 

The success stretches beyond Rubinstein- 
Taybi syndrome — the cognitive defects 
in other developmental diseases such as 
neurofibromatosis, Down's syndrome and frag- 
ile X, a genetic disorder that causes a wide range 
of behavioural and intellectual deficits, have all 
proved to be reversible in mice’. Although it 
remains unclear if the same approach can be 
applied to humans, Tully and others are bull- 
ish. “This work is a shot across the bow of the 
future,’ says Tully, now chief science officer at 
Dart NeuroScience in San Diego, California, 
which has been investigating compounds that 
manipulate the CREB pathway. “It shows us 
just how important increasing plasticity can 
be, and how we can put plasticity to work” 

James Bibb at the University of Texas 
Southwestern Medical Center in Dallas says 
that drugs developed as a result of this work 
could be used to treat conditions such as post- 
traumatic stress disorder and drug addiction, 
which require people to unlearn negative 
associations. “The purpose of the brain 
is to help us learn useful information,” 
Bibb says. “By increas- 
ing plasticity, you can 
push that process 
along.” 

Silva imagines 
a near future in 

which people 

with learning and 

memory disor- 

ders will be slot- 
ted into a number of 
categories, based on the 
molecular specifics of 
their disorder. “We could 
then target the therapy,’ 
he says. “We could use 
what we've learned from 
these enhanced mice to 
selectively fix what isn’t 
working.” 

)  Theconcern for some 
is that otherwise healthy 
humans would want to take such drugs in a 
bid to make themselves smarter or stave off 
age-related cognitive decline. “I think these 
drugs are going to lead to some real slippery- 
slope issues,’ says Martha Farah, who heads 
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the Center for Neuroscience and Society at 
the University of Pennsylvania in Philadelphia. 
“There is no clear or objective line between a 
normal brain and one that needs treatment. 
For instance, we can say that we're only going 
to use these memory drugs for people 
with demonstrated memory decline. 
But your memory starts to dimin- 
ish in your thirties. ¢ 
Does that mean every 
40-year-old is going to 
be taking these pills?” 
Farah notes that 
this is already starting 
to happen with drugs 
used to treat atten- 
tion deficit or sleep 
disorders, as these act 
as mental stimulants. 
For instance, one in 
five respondents to a 
web poll run by Nature 
in 2008 admitted to 
using some of these 


other pathways! 


CALCINEURIN 


Genetic inhibition of a 
protein phosphatase that 
modulates NMDA-receptor- 
related signalling and 


Comparison with normal mice: 
¢ Morris water maze: Bettey 
¢ Contextual fear conditioning: Aata 
© Cued fear conditioning: Bettev 

° Fear extinction: /Novse 

e Object recognition: Bettev 


flawless memory occasionally helped Shere- 
shevsky at work — he never needed to take 
notes — Luria also documented the profound 
disadvantages of such a capacious memory. 
Shereshevsky, for instance, was almost entirely 
unable to grasp metaphors, as his mind was 
so fixated on particulars. When he tried 
to read poetry, for exam- 
ple, “the obstacles to his 
understanding were 
overwhelming’, Luria 
wrote in his book The 
Mind of a Mnemon- 
ist. “Each expression 
gave rise to a remem- 
bered image; this, in 
turn, would conflict 
with another image that 
had been evoked.” 

é For Luria, Shere- 
shevsky’s struggles were 
a powerful reminder that 
the ability to forget is as 
important as the ability 


drugs, such as Ritalin Comments: to remember. Enhanc- 

(methylphenidate) or Easily styessea. ing human memory 

Provigil (modafinil), bl ettind. in individuals without 
uvle {oY 

to enhance their focus AAAs ao { y "9 severe cognitive defects 
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and productivity . “You 

get more and more 

people taking them for less and less severe 
conditions,” she says. 


Risky business 

Little is known about the side effects and trade- 
offs of both the current usage or the drugs in 
development, but initial clues offered by smart 
mice raise concerns. The Hras strain developed 
in Silva's lab might be good at learning, but its 
fear response for a relatively benign stimulus 
would be counterproductive for a wild mouse. 
Its enhanced memory is both a blessing and a 
burden. Silva cites other strains of smart mice 
that excel at solving complex exercises, such as 
the Morris water maze, but that struggle with 
simpler mazes. “It’s as if they remember too 
much,’ he says — possibly taking in irrelevant 
information such as the position of windows 
or lights but missing the big clues. 

Farah sees a parallel between these mice 
and one of the few case studies of an indi- 
vidual with profoundly enhanced memory. 
In the early 1920s, the Russian neurologist 
Alexander Luria began studying the learning 
skills of a newspaper reporter called Solomon 
Shereshevsky, who had been referred to the 
doctor by his editor. Shereshevsky had such 
a perfect memory that he often struggled to 
forget irrelevant details. After a single read of 
Dante’s Divine Comedy, he was able to recite 
the complete poem by heart. Although this 
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might prove counter- 
productive. 

Many scientists are concerned that the 
animal models of enhanced cognition might 
obscure subtle side effects, which can't be stud- 
ied in rodents or primates. Farah is currently 
looking at the trade-off between enhanced 
attention — she gives human subjects a mild 
amphetamine — and performance on creative 
tasks. Other researchers have used computer 
models to show that memory is actually opti- 
mized by slight imperfections, as they allow 
one to see connections between different but 
related events’. “The brain seems to have made 
a compromise in that having a more accurate 
memory interferes with the ability to general- 
ize, Farah says. “You need a little noise in order 
to be able to think abstractly, to get beyond the 
concrete and literal” 

And then there’s the problem of non- 
cognitive side effects. Because many of these 
learning and memory enhancements involve 
molecules that regulate a wide variety of fun- 
damental cellular pathways, such as CREB, it 
might be impossible to restrict their action 
to the brain. The Doogie mice, for exam- 
ple, seem to have an increased sensitivity to 
pain. And the Hras gene mutated in Silva's 
mice is commonly mutated in cancer. 

“There's no such thing as an enhancement 
without side effects,” says Nobel laureate Eric 
Kandel, a neuroscientist at Columbia Univer- 
sity in New York and co-founder of Memory 
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Pharmaceuticals, a biotechnology company in 
Montvale, New Jersey, that is trying to turn his 
research on LTP into novel drug therapies for 
memory disorders. “It often takes years to fully 
understand all the side effects. The mice will 
help us work out some of the bugs, but these 
will still be very risky treatments.” 

Although Silva recognizes the risks of 
enhancement, he remains hopeful that the 
performance of the normal human brain can 
be improved by neuroscience. “We're getting to 
a point where we almost need these enhance- 
ments,’ he says. “We don't have enough atten- 
tion, we don't have enough memory, we don't 
have enough awake hours. There’s clearly a 
demand to optimize the human brain given 
what it needs to do in the information age.” 

Like Kandel, Tully has spent much of the past 
decade trying to translate the biochemistry of 
memory into useful medical therapies. He 
remains enthusiastic, although he is also aware 
that the road ahead is littered with false leads, 
mistaken hypotheses and treatments that work 
in mice but fail in clinical trials. It’s been ten 
years since Tsien, now at the Medical College 
of Georgia in Augusta, created Doogie, and 
although that’s a short time in research years, 
Tully, for one, is getting impatient. 

“When I began working on these learning and 
memory drugs, I had no grey hair and I thought 
Id find a drug that might be able to help my par- 
ents,’ Tully says. “Now my hair is mostly white 
and my parents are dead. I’m just hoping that we 
can find a drug in time for me” a 
Jonah Lehrer is a freelance writer based in 
Los Angeles, California. 
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OPENING UP BRAIN SURGERY 


Neurosurgeons have unparalleled access to the human brain. Now they are teaming up with basic 
researchers to work out what makes it unique, finds Alison Abbott. 


wo years ago, a top salesman in a major 

Italian engineering company drove 

himself to the emergency department 

of the San Matteo Hospital in Pavia. 
He was frightened. He could think clearly and 
he could move his hand normally, but for the 
past few days he hadn't been able to write. The 
business e-mails he had confidently typed out 
on his computer made no sense when he read 
them back. And he found he was unable to 
write a simple word by hand. 

Tests at the hospital showed him to be appar- 
ently fit. He could express himself without 
problem, read, spell words out orally letter by 
letter — and he could even draw simple objects. 
The doctors started to wonder whether they 
should call in a psychiatrist. But when a brain 
scan showed what seemed to be a tiny tumour, 
they called neurosurgeon Lorenzo Magrassi 
instead. Magrassi immediately prescribed 
drugs to treat the swelling, which was pressing 
on surrounding brain areas, and within a cou- 
ple of days the patient was able to write again. 

Magrassi was intrigued. He had not heard 
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of a similar case of agraphia — the inability 
to write. So when he operated the following 
week to remove the tumour, he also undertook 
a little research. The patient, who was in full 
agreement, was asked to speak while Magrassi 
stimulated his brain with an electrode. He 
was also provided with paper and a pen to jot 
down dictated sentences until the 
surgeon found just the spot that 
controlled writing. 

Magrassi’s techniques were not 
new: brain surgeons frequently 
stimulate around a tumour or 
other diseased tissue that they plan 
to remove while a patient is awake 
and able to answer questions. This 
‘functional brain mapping’ allows them to 
identify the areas involved in speech and other 
functions that they would prefer not to cut into 
(see ‘Open brain biography, page 868). 

What is newis the way that neurosurgeons are 
using these techniques for bolder exploratory 
brain mapping, often in collaboration with basic 
researchers. In short, the surgeons have a unique 
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“Neurosurgery 
can contribute to 
neuroscience by 
giving a glimpse 
into the mind.” 

— Itzhak Fried 


opportunity to access and stimulate the human 
brain, and, as technologies improve, more of 
them are starting to use it. “Neurosurgery can 
contribute to neuroscience by giving a glimpse 
into the mind, a rare window into the brain,” 
says surgeon Itzhak Fried from the University of 
California, Los Angeles. “We can start to lookat 
uniquely human abilities” 

Some of the collaborations 
springing up are tackling aspects 
of humanness — such as con- 
sciousness or language — that 
are of long-standing interest to 
neuroscientists and of practi- 
cal relevance to neurosurgeons. 
Magrassi emphasizes that his 
probing was not purely experimental, but has 
application for future surgery. “It is often as 
clinically important to preserve writing after 
surgery as it is to preserve speech, and we need 
to understand which areas to avoid,” he says. 

Nonetheless, brain science has benefited. 
Over the next few months, and again with 
informed consent, Magrassi repeated his map- 
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ping activity in two other patients with brain 
tumours even though they had not shown writ- 
ing difficulties. He found that the area required 
for writing was always in the same spot in a 
structure called the superior parietal gyrus 
on the left side of the cortex. His results — yet 
to be published — extend theories about the 
neural circuitry of writing, a quintessentially 
human activity. Writing seems to co-opt brain 
structures in areas involved in language, visual 
processing and facilitating movement, and 
lesions in some of these areas can drastically 
interfere with writing ability. Normally these 
deficits are accompanied by others, such as 
an inability to speak, read or move normally. 
Since stimulation of the ‘writing spot’ did not 
interfere with these, Magrassi’s studies suggest 
that the linguistic and motor circuits involved 
in writing are more integrated with each other 
than previously thought. 

Exploratory brain studies are not 
yet commonplace. It can be diffi- 
cult to experiment in the operating 
theatre with the active participation 
of patients, who are stressed and 
distracted. 

But in some circumstances patients’ 
brains can be available for days after 
the surgery. When neurosurgeons 
implant electrodes into the subcorti- 
cal part of the brain to treat Parkinson's 
disease with deep-brain stimulation 
(DBS), they sometimes leave the leads 
outside the skull for a day or two to 
make sure that the procedure was success- 
ful before connecting them to a stimula- 
tor and battery and sewing everything 
under the skin. 

In clinical trials of patients with psy- 
chiatric disorders, neurosurgeon Volker 
Sturm, at the University of Cologne, 
Germany, leaves the electrode leads 
hanging out even longer — up to four 
days — to provide time to experiment. 
Sturm is extending DBS treatment to dis- 
orders such as major depression, obsessive- 
compulsive disorder and alcoholism. The 
operation involves placing electrodes ina 
small area within the nucleus accumbens, 
a tiny structure that has a fundamental role 
in reward and is easily hijacked by addictive 
substances. Many of the tests that Sturm’s 
neuroscience collaborators perform while 
the electrode leads are exposed have direct 
clinical relevance. Some, for example, 
are designed to investigate the effect of 
stimulation in the nucleus accumbens on 
neurons’ electrophysiological properties 
and whether these properties can help to 
predict any psychiatric benefits that might 
later emerge. 


Others look like experiments in basic brain 
science. In a study published last June’, Sturm 
and his collaborators investigated what hap- 
pens in the brain when patients change strate- 
gies to fit new circumstances. A major function 
of the nucleus accumbens is to assess the value 
of a reward and adapt behaviour in response. 
The group analysed data from six patients 
fresh from surgery. A day after the electrodes 
were implanted in their left and right nuclei 
accumbens, the researchers recorded local field 
potentials around the electrodes. They also 
used electrodes placed on the scalp to record 
neurophysiological oscillations in the medial 
frontal cortex, which has direct connections to 
the nucleus accumbens. 

The patients then did a simple gambling 


task in which they had to guess which side of 
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a coin would pay out a cash prize. When the 
experimenters changed the odds of winning, 
the patients changed their gambling strategies 
— and the synchrony of electrical oscillations 
in the various brain areas also changed. The 
team concluded that a neural network between 
the nuclei accumbens and medial frontal cor- 
tex activates rapidly when the patients adjusted 
their behaviour to fit the new facts. “Yes, it is 
basic science,’ says Michael Cohen, a member 
of the collaboration and a psychologist at the 
University of Amsterdam, “but it may eventu- 
ally have clinical relevance.” For instance, he 
says, surgery might be avoided if the nucleus 
accumbens can be modulated indirectly via the 
medial frontal cortex, which can be stimulated 
through the skull. 

New surgical procedures for epilepsy offer 
a particularly tantalizing opportunity for 
neuroscientists, because they allow access 
to the cortex — the region where think- 
ing goes on — and the opportunity for 
very precise recording. 

Some particularly brutal forms of 
epilepsy that don’t respond to drug 
treatment originate in the medial tem- 
poral cortex and can be cured by surgi- 
cal removal of the region responsible. 
Neurosurgeons identify the exact focus 
by implanting a handful of electrodes 

around the medial temporal cortex, 

waiting for the patients to have a spon- 

taneous seizure and then determining 
the origin of the epileptic activity. They 
typically use 1-millimetre diameter elec- 
trodes that pick up the average signal from 
some one thousand to one million neurons. 
But more teams are starting to use ‘micro- 
electrodes’ too. This technique involves 
fixing eight very fine recording wires, with 
diameters of less than 50 micrometres, to the 
end of the larger electrodes like wiry spiders. 
Whether the microelectrodes have further 
clinical benefit remains unknown, but 
it is not thought to do any harm, and 
for research it allows many levels of 
electrical signals to be recorded, from 
the oscillations in large populations of 
cells down to firing in single cells. 

Fried has been using the electrode 
systems since the 1970s and is the 
acknowledged pioneer of this tech- 
nique in research. In the past half- 
dozen years, strides in data analysis 
have allowed faint and infrequent sig- 
nals from single cells to be extracted 
from the noise. These are the sort of 
signals that excite those interested in 
human consciousness because they 


Brain surgery patients increasingly participate in research. 
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reflect rare or subtle events — such as 
recognizing the face ofa celebrity. 
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OPEN BRAIN 
BIOGRAPHY 


Some milestones in 
invasive brain surgery 
and recording. 


1941 


First recordings 
deep in the 
human brain, 


1934 


Electrodes first 
used during brain 
surgery to record 
from surface of 
cortex. 


1958 


Wilder Penfield 
publishes The Excitable 
Cortex in Conscious 
Man, summarizing 
two decades of work 
using electrical 
recording to map the 
motor and sensory 
cortices. 


from the basal 
ganglia. 


1963 


Action potentials 
recorded from 
single neurons. 


1960 


Neurosurgeons 
meeting in Rome 
devise ethical 
guidelines for 
research that uses 
recording probes in 
patients undergoing 
brain surgery. 


1987 


Deep-brain 
stimulation is 
introduced. 


4 


2005 


Advanced data 
analysis 


1988 


Studies using 
microelectrodes 
begin to explore 
key functions, 
such as language 
processing. 


captures weak 
signals from 
single neurons. 


Rodrigo Quian Quiroga, a physicist-turned- 
neuroscientist and one of Fried’s collaborators, 
hit headlines around the world in 2005 when 
he and his colleagues unveiled their concept of 
the Jennifer Anniston neuron’. Quian Qui- 
roga came to the California Institute of Tech- 
nology (Caltech) in Pasadena as a postdoc in 
2001 mainly for the opportunity of recording 
from single neurons in patients with epilepsy 
who were being operated on by Fried. He was 
particularly interested in how the human hip- 
pocampus, part of the medial temporal lobe, is 
involved in recognition of people or objects. 

Recording from an array of 64 individual 
electrodes in a brain can generate hundreds of 
gigabytes of information a day. So Quian Qui- 
roga made it his first task to find a better way 
to sort through the vast dumps of data. Having 
a background in physics helped, and by 2003 
he had devised a neat algorithm that could 
sort through the tangled electrical signals and 
unambiguously identify spikes from single neu- 
rons. In one step he raised the entire game. 

He tackled the recognition question by fol- 
lowing the activity of single neurons while 
patients looked at hundreds of pictures on his 
laptop — from the actress Jennifer Aniston to 
the Sydney Opera House. Each neuron typically 
fired to one concept, but it did so rather flex- 
ibly: the Jennifer Aniston neuron would fire to 
different pictures of the actress but not to other 
celebrities. In some patients, Jennifer Aniston 
neurons would also fire to other actresses in 
Friends, the popular television series in which 
she starred. But they would never fire to other 
similar-looking, but otherwise unconnected, 
actresses. Quian Quiroga, now at the Univer- 
sity of Leicester, UK, recalls his amazement 
when he founda single neuron in a patient fir- 
ing in reaction to himself, even though they 
had met just a couple of days before. 

He went on to show that these neurons fire 
only if the patients consciously recognize the 
pictures* and that they would also fire if a per- 
son was told the name of a person or object’. 
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“These neurons in the hippocampus encode 
information in a very abstract way, whatever 
type of sensory information leads to it,” says 
Quian Quiroga. “This makes sense given that 
long-term memories are stored as abstractions 
— Jennifer Aniston as a concept — and we 
tend not to remember details like what her hair 
looked like” 

With these types of revelation emerging, it is 
perhaps not surprising that other epilepsy neu- 
rosurgeons are getting in on the act, starting 
to use microelectrodes and forge imaginative 
collaborations with neurosci- 
entists, particularly now that 
the sophisticated components 
can be bought commercially. 

It is a slow business though. 


patients who undergo this sort 
of neurosurgery. Even Fried’s 
large centre operates on barely a dozen such 
people per year. Another is that it takes time 
to develop the expertise and build up a team. 
Neurologist Mark Richardson from King’s 
College London, acknowledges that two years 
after implanting microelectrodes into his first 
patients, he is still very much at the beginning 
when it comes to research. “It takes a very long 
time for things to become routine,” he says. 

Neurosurgeon Adam Mamelak of the 
Cedars-Sinai Medical Center in Los Angeles, 
California, has built up collaborations with neu- 
roscientists at Caltech. One such effort explored 
people's ability to detect ‘novelty, something 
fundamental to many types of learning. The 
researchers identified some neurons in the hip- 
pocampus and amygdala that increase their rate 
of firing when the brain is confronted with new 
images, and some that do so when confronted 
with familiar images”. In another Caltech col- 
laboration, he is looking at conscious decision- 
making in gambling tasks with neuroeconomist 
Antonio Rangel. “Animals can’t perform these 
sorts of tasks,’ he says. 

A big advantage of animals, though, is that 
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“There is absolutely no 
risk for the patients, 
and they are just sitting 
One reason is the scarcity of around getting bored.” 
— Adam Mame 


the experimenter can decide where in the brain 
to place the electrodes. In patients, electrodes 
must be positioned strictly according to clini- 
cal need. “The task of experimenters is to work 
out what we can do, given a particular distri- 
bution,” says Quian Quiroga. “Patients always 
come first and we don’t do anything with them 
if they are tired or have visitors.” 

All experiments are carefully regulated by 
ethics boards. Neurosurgeons say that patients 
nearly always agree to participate — and enjoy 
it. “There is absolutely no risk for them, and 
they are just sitting around 
getting bored,’ says Mamelak. 
“They take pride in contrib- 
uting to the field of brain sci- 
ence, adds Fried. 

Fried says that his collabo- 
ak rations with Qian Quiroga and 

others have allowed him to fol- 
lowa line of research on memory. “Everything 
that you will consciously remember will have 
to be processed in the hippocampus,” he says, 
adding that such studies could eventually help 
guide epilepsy surgery in the medial temporal 
lobe, “where memory networks sometimes 
overlap with epilepsy networks”. 

Fried says that some neurosurgeons wonder 
whether it would actually be unethical not to 
experiment, given how little is known about 
the brain entrusted to their hands, and given 
that the opportunity is there. The potential 
to learn about the neural basis of humanness 
— so that they can try to preserve it — is an 
opportunity that few want to pass up. a 
Alison Abbott is Nature's senior European 
correspondent. 
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Shaking up earthquake theory 


Geological faults are not behaving as scientists once expected. Glennda Chui reports on 
efforts to forge a new understanding of quake behaviour. 


hat low rumbling emanating from 

California is no earthquake. It is the 

sound of the state’s carefully honed 

earthquake-forecasting process being 
shaken hard and put back together. 

“Were talking about a radical overhaul,” says 
Ned Field, a seismologist with the US Geologi- 
cal Survey (USGS) in Denver, Colorado, and 
chairman of the Working Group on California 
Earthquake Probabilities. The group is charged 
with forecasting the probability of damaging 
earthquakes throughout the state over the next 
30 years. 

The group’ report is due out in 2011 and, like 
its predecessors (see ‘Earthquake probabilities 
in the California area’), it is expected to have 
enormous influence — not only on research 
but also on public policy in California, the most 
populous state in America and home to three- 
quarters of the nation’s seismic risk. California 
has the most comprehensive earthquake-fore- 
casting effort in the world and some of the best- 
studied faults, so lessons learned there will have 
ripple effects on other quake-plagued nations. 

From the standpoint of seismology, the 
report could push aside an influential family 
of ideas that have long dominated earthquake 
research and forecasting. One hypothesis views 
faults as creatures of habit that tend to rupture 
in large, ‘characteristic earthquakes of about 
the same magnitude again and again. Another 
model asserts that big quakes are most likely 
to strike in ‘seismic gaps’ that haven't suffered 
major jolts in a long time. Both attempt to 
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explain quake behaviour in relatively simple 
physical terms, and make intuitive sense. But 
recent research has caused confidence in them 
to waver. 

The world of characteristic earthquakes is 
“a world we all wish we lived in’, says Thomas 
Jordan, director of the Southern California 
Earthquake Center in Los Angeles. “It hasn't 
worked out that way because earthquakes don't 
occur on simple fault structures, but on fault 
systems that are rather complicated.” Jordan 
contends that earthquakes involve complex 
interactions among faults, leading to chaotic 
behaviour that is very difficult to predict. The 
physics of individual faults and the way in 
which they influence each other may, in fact, be 
so complex that no simple deterministic rules 
can explain their behaviour. 

This new understanding challenges not 
only the idea of characteristic earthquakes but 
also an older and more fundamental notion 
that faults obey regular patterns of behaviour. 
Called the elastic rebound theory, that con- 
cept sprang from the earthquake that levelled 
large parts of San Francisco in 1906 (pictured 
above). It was developed by geologist Henry 
Fielding Reid of Johns Hopkins University 
in Baltimore, Maryland, who led the official 
investigation into the geology and physics of 
the disaster. 

After studying the rupture along the San 
Andreas fault and the aftermath of the ground 
movement, Reid came to view earthquakes 
as a repeating pattern of pressure accumula- 
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tion and release. Strain would build up in the 
ground until it reached a critical level. At that 
point, the rocks on one side of a fault would 
jerk forward relative to their neighbours on 
the other side. The sudden movement would 
release almost all the pent-up energy in the 
ground, and it would take some time before 
enough strain would accrue to make another 
quake possible. 

Reid’s was a revolutionary idea, coming 
as it did half a century before plate tecton- 
ics explained where all that stress on the San 
Andreas fault was coming from. And it was 
wonderfully appealing, because it implied that 
the cycles might be regular enough to predict 
earthquakes. In his 1910 report detailing the 
results of his investigation’, Reid proposed a 
way to foretell when the next earthquake was 
due: plant a line of piers at a right angle across 
the fault and measure their relative angles, dis- 
tances and heights from time to time. When 
the measurements show that the strain has 
built to a critical level, he wrote, “we should 
expect a strong shock”. 


Stretched too far 

For a century, the elastic rebound theory has 
been a foundation on which later seismic 
hypotheses were built: after all, the strain that 
builds up in the ground as Earth's crustal plates 
jostle past each other must be released, even- 
tually, in the form of earthquakes or through 
a slow, quiet alternative called aseismic slip. 
But the idea that quakes come tumbling out as 
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steadily as stress goes in is increasingly coming 
under attack as earthquakes prove to be much 
more complicated — and more staunchly indi- 
vidual — than Reid ever imagined. 

That individuality has made itself known in 
numerous ways. In some cases, quakes have 
come in clusters, such as the giant magni- 
tude-9.1 shock that hit off the northwest coast 
of Sumatra in 2004 and was followed by a series 
of nearby quakes, including one last month. In 
other instances, they rupture large sections of 
faults, combining patches that had not been 
known to move together in previous seismic 
events. Earthquakes even hop from fault to 
fault, as seen in the magnitude-7.3 earthquake 
that struck the town of Landers in California's 
Mojave Desert and the magnitude-7.9 shock 
that hit central Alaska in 2002. Both of these 
quakes also had other claims to fame: they trig- 
gered tremors, geyser eruptions and other seis- 


EARTHQUAKE PROBABILITIES IN 
THE CALIFORNIA AREA 


A 2009 earthquake forecast for California based 
on theoretical models of how faults behave. 
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mic activity thousands of kilometres away. 

The evidence against seismic regularity has 
emerged even along the San Andreas fault, where 
earlier research had provided the appearance of 
a repeating pattern of large earthquakes. That 
picture had come from research done in the late 
1970s and early 1980s on the south-central sec- 
tion of the San Andreas fault, north of Los Ange- 
les. Geologists working there had determined 
how much streams and other features had been 
offset by the great Fort Tejon earthquake of 1857, 
which measured magnitude 7.9. Trenches dug 
along the fault had revealed a series of earlier, 
similar quakes spread about 200-400 years apart. 
In each spot, the fault appeared to have slipped 
about the same amount during each quake’. 

But recent excavations have dramatically 
changed that picture. In 2004, Lisa Grant Lud- 
wig of the University of California at Irvine, 
began digging trenches in a place called the 
Bidart Fan, where a series of small streams 
have cut channels across the south-central San 
Andreas fault through a thick deposit of sedi- 
ment. Along the trench walls, past earthquakes 
show up as disruptions in the sedimentary lay- 
ers, which can be dated using carbon-14 anal- 
ysis. In January, she and two other geologists 
published a paper’ that lowered the recurrence 
interval for large earthquakes on this part of the 
fault to 137 years. Since then they have dropped 
their estimate to less than 100 years, with some 
large quakes striking as few as 50 years apart — 
implying that earthquakes are not as regular as 
the previous studies suggested. 

“Elastic rebound, I think, is still kind of like 
the foundation,’ Grant Ludwig says, “but maybe 
the building that’s going to be built on that foun- 
dation is going to look a little different.” 

Thomas Fumal, a palaeoseismologist with 
the USGS in Menlo Park, California, who has 
been investigating the San Andreas Fault for 
25 years, says that the picture along most other 
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parts of the fault also does not conform with 
past expectations: scientists are finding large 
quakes striking sections of the fault much more 
often than previous studies suggested — and 
with a wide range of magnitudes. 


Tardy quake 

The idea of characteristic earthquakes suf- 
fered another blow in 2004, when the San 
Andreas fault let loose a magnitude-6 shock 
near the central Californian town of Park- 
field. Researchers had set up a dense network 
of instruments there in the 1980s, anticipat- 
ing a moderate quake by 1993 as part of a 
roughly 22-year cycle that had been witnessed 
in quakes going back to the 1800s. When it 
finally arrived more than a decade late, its 
timing and other idiosyncracies “confounded 
nearly all simple earthquake models” accord- 
ing to a 2005 report’. 

David Jackson has long expected these kinds 
of developments because they match what he 
has been seeing in earthquake patterns around 
the world. In 1991, Jackson and Yan Kagan, 
both at the University of California, Los Ange- 
les, analysed a global catalogue of seismic events 
and concluded that large earthquakes bunch 
together in space and time’. This wasn’t sup- 
posed to happen. If earthquakes obeyed the elas- 
tic rebound theory, large quakes should reset the 
seismic clock and there should be a gap before 
another big shock hit the same region. 

Kagan and Jackson argued that regions hit 
by a big quake were more likely, rather than 
less likely, to be struck by another’. Other geo- 
physicists largely dismissed their claims, but 
then a stunning sequence of earthquakes hit 
California’s Mojave Desert. A magnitude-6.2 
earthquake struck Joshua Tree in April 1992, 
followed two months later by the Landers 
quake and the magnitude-6.5 Big Bear quake, 
and then seven years later by the magnitude-7.1 
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Hector Mine earthquake. 

Scientists had known for some time that 
smaller earthquakes can come in clusters; 
that’s what happens when the ground rattles 
with aftershocks following a major tremor. But 
the idea that one large quake could follow on 
the heels of another was startling. Researchers 
now routinely talk about large quakes trigger- 
ing others, both on nearby and distant faults. 

In fact, the giant 2004 Sumatran quake was 
followed by an unusual pattern of small trem- 
ors near Parkfield — suggesting that the Indo- 
nesian event had weakened the San Andreas 
fault some 8,000 kilometres away, according 
to an analysis published this month’. In that 
study, Takaaki Taira, a seismologist at the 
University of California, Berkeley, and his col- 
leagues suggest that the Indonesian quake also 
could have triggered a spate of magnitude-8 
shocks around the world. 


Trigger happy 
Karen Felzer of the USGS in Pasadena, Califor- 


nia, says that she has come to believe that many 
quakes of all sizes are triggered by other shocks, 
rather than simply responding to local forces. 
“Personally I agree with Jackson and Kagan that 
elastic rebound doesnt really happen — that 
what is controlling the timing of all earthquakes 
is the triggering process.” 

The upheaval in the world of seismology will 
play out most strikingly in the work leading up 
to the 2011 report on California earthquake 
probabilities. When Earth sci- 
entists drew up the first incar- 
nation of this report in 1988, 
the picture was much simpler. 
An expert group of geophysi- 
cists and geologists divided the 
faults of the San Andreas system 
into well-delineated segments. 
They assigned probabilities of 
future seismic shocks to each 
segment on the basis of how much time had 
passed since that particular locale had gener- 
ated a major quake. 

But over the years, successive versions of the 
report have addressed complexities that have 
emerged from studies of past earthquakes, 
laboratory experiments and theory. Models 
were introduced that allowed fault segments 
to combine in various ways to create bigger 
quakes. And researchers recognized the hazard 
of as-yet unknown faults and assigned prob- 
abilities to them. 

The latest version of the report, published 
this year’, identified several issues that needed 
to be addressed urgently. “Does the interactive 
complexity of a fault system effectively erase or 
at least significantly reduce any predictability 
implied by elastic rebound theory?” asked the 
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“We're ina situation 
where we can tear 
down the whole 


thing and start from 
scratch.” 
— Ned Field 


= 


Lisa Grant Ludwig (second from top) and team 
study trenches dug along the San Andreas fault. 


report. To this and other troubling questions, 
the working group acknowledged that the 
answer may be ‘yes: 

Field says that the layers of complexity in the 
most recent forecasts have accumulated to the 
point that “in some ways we've built a house of 
cards. We've identified several things we don't 
like about the model, things that need to be 
improved.” 

But every time scientists 
tweak one part of the structure, 
another part starts to wob- 
ble. Now, Field says, “we're in 
a situation where we can tear 
down the whole thing and start 
from scratch. I think we'll end 
up with a much cleaner, simpler 
model rather than a patchwork 
of modifications”. 

The 2011 report, known as Uniform Cali- 
fornia Earthquake Rupture Forecast 3, will 
put less emphasis on fault segmentation or 
maybe even eliminate it, acknowledging that 
an earthquake may start or end anywhere. 
And although it won't throw elastic rebound 
out the window, neither will it assume that 
this model is the dominant factor in shaping 
patterns of seismic activity over the relatively 
short timescales — decades to centuries — that 
people care about most. 

“We want to include elastic rebound, because 
there’s still a lot of the community that thinks it 
is very important at the larger magnitudes, at 
least,’ Field says. However, no one yet knows 
how the model will be incorporated into a 
world of constant fault interaction and fewer 
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constraints on fault ruptures, he says. 

In fact, some say earthquakes are so complex 
that it may be impossible — as well as impracti- 
cal — to pin them down based on an under- 
standing of their physics alone. That has led 
researchers to propose purely statistical models 
to forecast upcoming quake behaviour in much 
the same way that they forecast aftershocks now. 
“There’s a lot of push now toward the statistical 
side,’ says Andrew Michael of the USGS. 

Geophysicists are putting some of their fore- 
casting theories to the test through an Internet- 
based project called the Collaboratory for the 
Study of Earthquake Predictability. “The idea 
is to provide an environment where people can 
do scientific earthquake-prediction experi- 
ments that will be evaluated objectively,’ says 
Jordan, who started the centre three years ago 
with funding from the W. M. Keck Foundation. 
The project has testing centres in Southern 
California, New Zealand, Japan and Switzer- 
land. Thirty-nine forecasting models are being 
tested at the Southern California Earthquake 
Center, and more than 40 in other countries. 
Each will run for five years, with no tweaking 
allowed along the way. 

Information from these simulations, along 
with new data from the San Andreas fault and 
elsewhere, will be folded into the deliberations 
of the working group as it seeks to reconcile 
the competing views of how earthquakes 
work. Whether this overhaul of the forecasting 
method will be as radical as Field anticipates 
remains to be seen. In the end, the working 
group will use complex logic trees based on 
the full range of expert opinion to reach its 
conclusions. David Schwartz, a geologist with 
the USGS and one of the founders of the char- 
acteristic quake model, says that it would be a 
mistake to toss out the basic elements of elastic 
rebound or the idea that earthquakes on at least 
some fault systems come in regular cycles. He 
does not mind researchers exploring new mod- 
els outside of the public-forecasting exercise, 
which has real consequences for state residents. 
“That’s fine, to see where it leads,” he says, “but 
not to set my earthquake insurance rates.” ™ 
Glennda Chui is a science writer based in 
California. 
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Pakistan: basic 
education essential 
to underpin reforms 


SIR — The overhauling of 
Pakistan's academic institutions 
(Nature 461, 11-12 and 38-39; 
2009) would have been more 
effective and sustainable 

if policy-makers had opted 
instead for a two-pronged 
approach, promoting basic 
education alongside higher 
education. 

Only 56% of children are 
enrolled in primary schools in 
Pakistan, compared with 83% 
in India, 94% in Iran and 98% 
in South Korea (see go.nature. 
com/RtyZks). These figures are 
lower for secondary schools, 
but Pakistan's are lowest by 
far. To increase enrolment in 
higher education, we have to 
increase the supply of potential 
candidates by investing more 
in primary and secondary 
schooling. 

You mention that candidates 
for Pakistan’s domestic PhD 
programmes are less well 
qualified than those going 
abroad. It is difficult to see how 
this situation will “correct itself”, 
as your Editorial claims, if “too 
many ill-prepared students [are] 
gaining doctorates”, as Athar 
Osama and colleagues suggest in 
their Opinion article. More than 
twice as many postgraduates 
are produced at home as abroad, 
and these are more likely to stay 
in the country to become future 
supervisors, so the cycle of 
poorly trained researchers is set 
to continue. 

Pakistan's Higher Education 
Commission has not provided 
figures for the percentage of 
candidates who return to the 
country after studying abroad. 

If a substantial number decide 

to stay away, the reforms could 
backfire and boost the brain drain 
to developed countries. 
Muhammad Naim Siddiqi Department 
of Psychiatry, Aga Khan University, 
Stadium Road, Karachi 74800, 
Pakistan 

e-mail: naim.siddiqil@gmail.com 
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Pakistan: cash 
infusion of limited 
use to universities 


SIR — Athar Osama and 
colleagues’ Opinion article 
(Nature 461, 38-39; 2009) aims 
to provide a factual balance-sheet 
for Pakistan's higher-education 
system under General Pervez 
Musharraf. But several critical 
omissions leave it less than 
factual. 

For example, the former 
government wasted enormous 
sums of money on prestige mega- 
projects. Nine new universities 
were abandoned after partial 
construction because of a lack 
of trained faculty, and expensive 
imported scientific equipment 
remains under-utilized many 
years later. The claimed 400% 
increase in publications was a 
result of salary bonuses awarded 
to professors who published in 
international journals, largely 
irrespective of substance and 
quality. These payments fostered 
a plagiarism culture that still goes 
unpunished. 

The authors draw attention 
to a large increase in “relative 
impact” in some disciplines, 
based on citation of papers 
published in 2003-07. But were 
self-citations (a common ploy) 
eliminated from this count? | 
used an option available from 
Thomson Scientific and found the 
opposite result after eliminating 
self-citations. 

The authors also praise the 
Higher Education Commission 
for increasing university 
professors’ salaries. But this 
has created social disparities 
— a full professor now earns 
20-30 times more thana 
school teacher. Professors, 
bent on removing barriers to 


their promotions and incomes, 
take on very large numbers 
of PhD students. To ensure 
that these students get their 
degrees, many professors seek 
the elimination of international 
testing, hitherto used as a 
metric for gauging student 
performance. 

Pakistan's failed experiment 
provides a counter-example 
to the conventional wisdom 
that money is the most crucial 
element in the reform process. 
An enormous cash infusion has 
failed to improve teaching and 
research quality. There is much 
that other developing countries 
can learn from our experience — 
sadly, this is not what the authors 
convey. 
Pervez Hoodbhoy Department of 
Physics, Quaid-e-Azam University, 
Islamabad 45320, Pakistan 
e-mail: hoodbhoy@mit.edu 


Pakistan: sense of 
urgency powered 
education reforms 


SIR — As head of the Higher 
Education Commission (HEC) 
in Pakistan in 2003-08, | would 
like to add some points to those 
made in the Opinion article by 
Athar Osama and others on 
Pakistan's reform experiment in 
higher education (Nature 461, 
38-39; 2009). 

We awarded research grants 
to qualified faculty to develop 
a high-quality indigenous PhD 
programme — not to produce 
“5,000 new PhDs... over 5 
years”, as the authors suggest. 
Measures were introduced to 
ensure the quality of local PhDs, 
including mandatory evaluation of 
theses by at least two professors 
from technologically advanced 
countries. Because there were not 
enough suitable PhD supervisors 
in the universities, we sent some 
3,800 students abroad, mainly to 
the United States and Europe, to 
study for a PhD, at a total cost of 
about US$1 billion. 

The work carried out was 
overseen by an 18-member board 
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that included federal secretaries 
of science and technology and 
education, representatives of 
the four provincial ministries 
of education, representatives 
of the senate and eminent 
private citizens. This board 
was empowered to change the 
budgetary allocations as well 
as the overall directions of the 
programme. 

There followed a huge increase 
in international scientific 
research publications, from 
600 or so in 2001 to more than 
4,200 in 2008. About 50 new 
universities and degree-awarding 
institutes were established 
during this period, and enrolment 
in higher education almost tripled 
to about 400,000 by the end of 
2008, having been just 135,000 
in 2003. 

A digital library was 
established to provide free 
access to 25,000 international 
journals and 45,000 textbooks 
for all public-sector university 
students. In the 2008 Times 
Higher Education rankings, four 
Pakistani universities are among 
the top 600 in the world — an 
unattainable position before 
2003. 

Our accounts were audited 
by government auditors and 
by an international private 
auditing company (we were the 
only government organization 
to employ one) to ensure 
transparency in expenditure. 

We do not agree with the 
authors’ view that we acted in 
too much of a hurry. We did 
implement the programmes with 
acertain sense of urgency, but 
that had nothing to do with the 
transient nature of the Musharraf 
government. It was due to our 
eagerness to get on with things 
and to avoid bureaucratic 
hurdles. They were a breathless 
six years, but all rules were 
strictly observed and no 
shortcuts were taken in achieving 
the huge positive changes that 
took place. 

Atta-ur-Rahman COMSTECH 
Secretariat, 33 Constitution Avenue, 
G-5/2, Islamabad 44000, Pakistan 
e-mail: aurahman786@gmail.com 
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“Who would have guessed that the working record 
of a mathematical project would read like a 
thriller?” Timothy Gowers and Michael Nielsen, page 879 


Battlefield: hitting the 
supporters of 
biotechnology 


SIR — You misidentify the victims 
in your News Feature on conflicts 
among scientists over genetically 
modified (GM) crops (Nature 461, 
27-32; 2009). The real victims 

on this “battlefield” are not the 
handful of people criticized for 
their research, but those scientists 
who want to realize the potential 
of plant biotechnology and the 
farmers who apply authorized 
products. 

These people have to endure 
bomb threats, insulting letters 
and telephone calls, destruction 
of their fields (almost no UK field 
experiment has survived since 
2000) and harassment of their 
children at school. As author of a 
UK Food Standards Agency report 
concluding that organic food 
provides no additional nutritional 
or health benefit, Alan Dangour 
was bombarded with hate mail 
from activists. 

The whole biotech debate is 
an emotionalized mess, fuelled 
by lobbyists and society's zero- 
risk mentality. Scientists should 
not be wary of publishing their 
results just because they could 
be deliberately misinterpreted. 
But they must be vigilant. As Kai 
Diekmann, chief editor of Bild, the 
largest newspaper in Germany, 
said inarecent television 
broadcast, “More than 10 million 
readers is a huge responsibility. | 
have to consider every single word 
before it is printed.” 

Why are some scientists 
so sensitive if weak data are 
published? When | first met 
Ingo Potrykus, the inventor of 
the famous transgenic ‘golden 
rice’ (so called because of its 
extra B-carotene content), | was 
still Germany's top anti-GM 
campaigner with Friends of the 
Earth. Some 15 years after our 
public debate, | now understand 
his frustration. As a humanitarian 
and Roman Catholic, he has 
worked hard to develop rice 
varieties he believes could improve 
the lives of millions of poor 


children likely to become blind. But 
Greenpeace and other activists are 
sabotaging his efforts with false 
claims, initially that children could 
be poisoned by excess vitamin A 
(see go.nature.com/DFzvpc) and 
later that 4 kilograms of rice is the 
daily requirement for a therapeutic 
effect (see go.nature.com/ 
GvkID9). 

Scientists should think more 
carefully about the impact their 
words might have on the future 
of society, and their responsibility 
towards it. 

Jens A. Katzek An der Elbe 5, 
39104 Magdeburg, Germany 
e-mail: katzek@biomitteldeutschland.de 


Battlefield: useful 
debate needs caution 
and civility 


SIR — The rage that is sometimes 
unleashed by proponents of 
genetically modified (GM) 

crops when they encounter 
evidence for potential risks is well 
described in your News Feature 
(Nature 461, 27-32; 2009). 
Several pointers could help 
remedy the problem of abuse in 
this “battlefield”. 

Reviewers and editors of 
scientific journals should insist 
that critiques of GM studies are 
well-reasoned and constructive, 
and free of emotionally charged 
language that might inflame the 
issues. They should resist the 
temptation to publish potentially 
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exciting but very preliminary 
studies that might attract 
unwarranted media attention (this 
also applies to findings on the 
potential benefits of transgenic 
crops). 

Authors of controversial 
papers must be prepared for their 
conclusions to be misinterpreted 
and quoted out of context, even by 
reputable science writers, as the 
news flashes around the globe. 
Oversimplification by the media is 
prevalent, but careful wording of 
the paper's findings will encourage 
more accurate reporting. 

Without caution and civility 
by all participating scientists, 
effective debate on the benefits 
and risks of GM crops will 
continue to be hampered. 
Allison A. Snow Department of 
Evolution, Ecology and Organismal 
Biology, 318 W. 12th Avenue, 
The Ohio State University, Columbus, 
Ohio 43210, USA 
e-mail: snow.1@osu.edu 


Commercial pressure 
quelling creation of 
new microscopes 


SIR — Your collection of articles 
on microscopy (Nature 459, 
629-639; 2009) rightly 
celebrates the success 
of innovators in the field. 
Unfortunately, the supply of new 
technologies is being threatened 
by commercial concerns. 
Microscope manufacturers 
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are obliged by world competition 
to specialize in a few high-end 
products only. Even though 

these products are hugely 
expensive, their total sales 
volume is now so small that 

the profits do not support the 
research and development of new 
microscopes. High prices call 

for purchase by a group, so the 
specification list expands and the 
cost spirals up. 

Companies are wary of 
producing a low-cost microscope, 
such as SPIM (selective plane 
illumination, ideal for low-bleach 
imaging of embryos) for fear of 
losing their high-end sales. Several 
other new technologies, including 
CARS (coherent anti-Stokes 
Raman scattering microscopy, 
which provides chemical 
information similar to that 
given by infrared spectroscopy) 
and PALM (photoactivated 
localization microscopy, which 
brings the resolution down to 
afew nanometres), are not yet 
available commercially. Another 
method of super-resolution 
is being produced (STED, or 
stimulated emission depletion 
microscopy), but is not working as 
well as it does in the hands of the 
inventor. 

Sadly, there are now several 
examples of inventions that 
might have been beneficial to 
science and medicine being 
suppressed by companies for 
marketing reasons — including 
one of my own design, an 
attractive and inexpensive 
confocal system. 

Given that the normal route 
of exploitation is grinding toa 
halt, perhaps inventors could 
be funded directly to clone 
their inventions. There should 
be a pre-commercial phase of 
development by the public sector. 
It would also help to set up, 
where it does not exist already, 
an institute with the capability 
(optics, software, electronics 
experts and biologists) to 
develop these elaborate new 
microscopes. It is too much 
for any individual university or 
biomedical lab. 

Brad Amos, Cambridge, UK 
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Is the stimulus working for you? 


More money for science is always good. Or is it? Six experts tell Nature what concerns them most about the 
US stimulus spending and suggest ways to ensure that it benefits research and society in the long term. 


Richard Freeman 
Harvard economist 


Prospects for young researchers will 
worsen without additional funds. 

In February 2009, President Barack Obama 
made “the biggest increase in basic research 
funding in the long history of America’s noble 
endeavour to better understand our world” — 
a $20.5-billion addition to research and devel- 
opment (R&D) budgets over two years. With 
rare prescience for economists, in 2008 and 
2009 John Van Reenen of the London School 
of Economics and I published analyses of how 
bursts in R&D spending affect the market for 
research. To avoid a post-burst hangover, we 
argued for smoother changes in spending. 

Our analysis was based on what happened 
when the National Institutes of Health (NIH ) 
spending dropped after the 1998-2003 budget 
doubling. The large adjustment costs in ramping 
up research produce less-science-per-dollar than 
if budgets change smoothly. The inevitable post- 
boom slowdown disrupts research careers. 

The 2009 stimulus adds more to federal 
R&D per year than the NIH doubling. Even 
a strong economic recovery will not increase 
non-federal spending enough to offset the 
loss of stimulus monies in 2011. Corporate 
R&D has been fairly steady in the recession 
and will not rise greatly in recovery. The end 
of the stimulus thus risks replaying the NIH 
post-doubling disaster with the NIH forced to 
reject promising projects, young faculty unable 
to do their research and the careers of postdocs 
and graduate students in chaos. 

We have two advantages over the past. We 
know what can happen when R&D spending 
drops sharply. And we know the stimulus fund- 
ing ends in 2011. We must seek to prevent a 
foreseeable crash. John Holdren has proposed 
increasing normal budgets to reduce the impact 
of the drop off. Agencies and 
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US President Barack Obama boosted research and development by $20.5 billion. 


Congress should consider supplementary 
R&D ‘smoothing’ funds to prevent a hard land- 
ing. They would begin in 2011 and taper off 
rapidly. In April, President Obama endorsed 
devoting 3% of gross domestic product to 
R&D, compared to 2.7% in the recent past. Set- 
ting numerical targets is not the ideal way to 
determine R&D budgets. If spending promises 
transformative breakthroughs, spend more. 
If not, spend less. But assuming the country 
accepts the 3% goal, short-term soft-landing 
increments would help move R&D smoothly 
towards this higher long-term level. 


Fred Block 
Department of Sociology, University 
of California, Davis 


Energy innovation could be wasted if 
there is no long-term political support. 
President Obama’ chief of staff, Rahm 
Emanuel, famously said that “you never want 
a serious crisis to go to waste”. The Depart- 
ment of Energy (DoE), under the leadership 
of Steven Chu, has taken this 


universities can smooth stim- “Congress should wisdom to heart. Using bil- 
ulus expenditures by allow- . lions of dollars from the 2009 
ing recipients to spend funds cele SMEs economic stimulus and loan 
obligated in 2009 or 2010 smoothing’ funds to guarantees that Congress 


over a longer period. Univer- 
sities could earmark stimu- 
lus money for overheads to support research 
after the stimulus. But none of these policies 
can compensate for the loss of $10 billion 
or so in stimulus R&D funding in 2011. 
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prevent a hard landing.” 


approved earlier, the DoE 
has moved quickly to accel- 
erate innovation in energy technologies across 
industrial and research sectors. 

In June, the agency announced that it was 
providing US$8 billion in conditional loans to 
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support three firms to build production capacity 
for electric vehicles — Nissan, Ford and Tesla, a 
2003 start-up based in San Carlos, California. In 
August, they announced $777 million over five 
years to fund 46 Frontier Energy Research Cent- 
ers — at universities and federal labs — each of 
which will tackle a specific energy-related tech- 
nological challenge. Also in August, the agency 
announced $2.4 billion in matching funds to 
support production capacity for advanced bat- 
teries and drive systems for electric vehicles. 
Similar announcements support biofuels, solar 
power and wind power. 

With this approach, the DoE is trying to 
replicate the Silicon Valley model whereby 
intense technological competition generates a 
virtuous cycle of key breakthroughs that drive 
costs down. Many of these breakthroughs will 
come from scientists and engineers working 
in university and federal labs in collaboration 
with private firms. The DoE doesn't have to get 
every investment right; once it sparks a tech- 
nological race, even companies tied to older 
technologies will have no choice but to join in. 
Chevron, for example, recently announced that 
it was partnering with a start-up to use algae to 
produce biodiesel. 

It will take time to find out whether this 
DoE gamble will succeed. Given the challenge 
of global climate change, the US economy’s 
dependence on imported oil and the urgency 
of creating ‘green jobs’ to put people back to 
work, the advantages seem clear. Moreover, the 
DoE is not starting from scratch; most of these 
alternative technologies have been nurtured by 
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federal programmes for the past two decades, 
albeit with more modest financing. 

Unfortunately, the stimulus dollars are likely 
to run out well before the DoE’s alternative- 
energy initiatives become self-sustaining. If 
the political system can’t generate support for 
continuing funding beyond 2011, the whole 
effort could die on the launch pad. To prevent 
this, the DoE and Obama need to educate the 
public about the strategy they are pursuing 
and challenge the free-market myth that gov- 
ernment lacks the competence to accelerate 
private-sector innovation. 


Daniel Greenberg 

Washington DC journalist and 
author of several books on science 
policy and politics 


Anew virtual agency could do better 
than existing agencies. 

The stimulus money will, unfortunately, mainly 
reinforce the status quo at government research 
agencies. Political priorities for the stimulus 
were speed of delivery, job preservation and 
job creation. Even abiding by those criteria, the 
windfall still might have done some good, espe- 
cially at the NIH. Its $10.4 billion could have 
been used to overcome two chronic failings 
long lamented by the NIH’s own leadership: 
neglect of the young and aversion to risk. 

How? By setting up a virtual alternative to its 
creaky grant system. Imagine a nimble, online- 
only proposal, review and award process dedi- 
cated to youth and scientific risk. Under the 
present costly and slow system, thousands of 
NIH peer reviewers travel each year to meet 
for face-to-face discussions. The results, by 
the NIH’s own account, favour established 
researchers and humdrum proposals. 

In response, the NIH has devoted tiny slices 
of its $30-billion-a-year budget to various rem- 
edies, including awards for younger research- 
ers. But the efforts are minuscule. The median 
age for first grants now stands at 41, according 
to The New York Times. The bulk of the NIH’s 


The Department of Energy 
led by Steven Chu (second 
from right) is trying to 
accelerate private-sector 
innovation. 


stimulus bonanza is going to a backlog of previ- 
ously approved proposals that went unfunded 
for lack of money. Thus, more of the same. The 
National Science Foundation (NSF), graced 
with $3 billion in stimulants, is following suit. 

Last year, the NIH reported funding more 
people over the age of 70 than under the age 
of 30. This was nothing new. 


The biggest worry is that Congress may have 
unrealistic expectations about what energy R&D 
can achieve in the short term, and might be 
tempted to cannibalize research to pay for other, 
more politically attractive, activities. Already, in 
July, Congress chose to fund an extension of the 
popular but environmentally and economically 

dubious ‘cash-for-clunkers’ 


Despite repeated demands for “ car-scrapping programme 
concrete actions from NIH Bypass the venerable by raiding the renewable- 
leadership, the response, too agencies, set up anew energy loan guarantee 


often, is anguished oratory. 

The NSF and the NIH can 
both cite many scientific suc- 
cesses. The dedication, good 
intentions and skills of their 
staffs are not in doubt. But the system is geriat- 
ric. The gold-plated secret of US science is that 
it is stuffed with so much money that not even 
the dysfunctional ways of its chief paymasters 
can prevent a good deal of excellent research. 

Next time politicians wants to add billions 
for research, they might consider a truly risky 
approach: bypass the venerable agencies, set up 
a new virtual agency and belt outa few billions 
to bold, young researchers. The results could 
be stimulating. 


Michael Levi and Adam M. Segal 
Council on Foreign Relations 


Department of Energy pursuing sound 
strategy but funding is vulnerable. 

The DoE got $36.7 billion in stimulus funds, 
more than double its annual budget for activi- 
ties unrelated to nuclear weapons. At least 
$4 billion of that is devoted to R&D, and a 
good portion of the rest is for demonstra- 
tion projects of new technologies to promote 
innovation. The agency’s strategy for invest- 
ing stimulus money in R&D has been pru- 
dent and sound, despite some worries that 
the department might be administratively 
overwhelmed by the massive inflow of funds, 
and some carping about the slower funding 
of transformational research. 


© 2009 Macmillan Publishers Limited. All rights reserved 


virtual agency and belt 
out a few billions to bold, 
young researchers.” 


budget at the DoE, thereby 
hurting long-term progress 
for short-term gain. 

Basic research funding is a 
small part of the DoE stimu- 
lus package — but a large boost in the context 
of existing efforts. The DoE Office of Science 
has been given $1.6 billion on top of its annual 
$4-billion budget. As of early September, 78% 
of that had already been awarded, compared to 
28% across the whole department. Some of this 
speed results from spending $500 million on 
construction and equipment procurement that 
has more in common with traditional stimulus 
than with research funding. 

By directing money towards ongoing 
projects, the DoE has ensured that it supports 
areas that have already been vetted and prob- 
ably have long-term prospects. A short-term 
funding boost risks creating new institutions 
with uncertain prospects. The DoE may avoid 
this pitfall by making longer-term plans: for 
example, it committed $277 million to 16 of 
the new Energy Frontier Research Centers to 
support five years of operation. 

What about blue-sky research? The Advanced 
Research Projects Agency — Energy, the new 
agency tasked with supporting high-risk energy 
research, has $388 million to spend. The DoE 
Office of Energy Efficiency and Renewable 
Energy has another $2.5 billion for develop- 
ment, demonstration and deployment. Critics 
say this is not enough to jump-start any trans- 
formational research. They cite large amounts 
going into energy R&D in China by compari- 
son. But it is unclear whether the US monies 
are insufficient for fundamental research; most 
of the big energy-innovation spending that is 
needed won't be for R&D, but for big demon- 
stration projects, such as commercial-scale bio- 
fuel facilities. And the DoE’s stimulus spending 
so far has been well structured — its focus on 
broad categories, not specific bets, is bottom-up 
and flexible, and yet is steering enough money to 
each area to have the potential for real impact. 

The DoE will need to continue making the 
case for strong R&D funding — particularly 
by demonstrating results and linking them to 
real-world promise — to show that the money 
is being spent wisely. 
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Michael Crow 
President, Arizona State University 


The United States needs to shift to 
outcome-based research. 

The decision of President Obama and Con- 
gress to greatly increase R&D funding as part 
of the 2009 stimulus plan is good news for 
science. To direct this investment, excellent 
policy planning is coming from the presi- 
dent’s science adviser, John Holdren. But to 
get to where the White House wants to go will 
require broader and deeper innovation. 

For too long, American science policy at 
the highest level has been mostly about the 
amount of funding and not enough about the 
outcomes of funding. The stimulus funding 
will not generate the changes that the overall 
enterprise needs for real economic growth. 
Billions of dollars of short-term, one-time 
funding is like that tenth cup of coffee on an 
all-nighter: it keeps things moving. But then 
there is the next day. 

Now, with the American economy and its 
scientific dominance in question, is the perfect 
moment to think about what is being done and 
why. The Obama administration needs to focus 
its energies on new institutional designs and 
new innovation networks to allow universities, 
government laboratories and corporations to 
move forward in new alignments. 

New forms of innovation are desperately 
needed to speed science-based technologies 
into the entrepreneurial market economy. Cur- 
rent networks are overly reliant on government- 
supported laboratories. What goes into research 
doesn’t come out in economic or social impact. 
This is unacceptable if America is to improve its 
global competitiveness. 

In terms of regional innovation, the United 
States has a few winners but many losers when 
ranked on a global scale. In the losing regions, 
the translation of scientific knowledge to 


Has America learnt from previous 
funding boosts at the National 
Institutes of Health? 
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improving quality of life is stalled at best. The 
stimulus funding will demonstrate the weak- 
nesses in the American model for innovation, 
and will do so quickly. The country produces 
basic science, but it fails to capture the social and 
economic returns. Many of those who are best- 
equipped to produce basic sci- 
ence have the least incentive to 
ensure that those returns are 
captured. However, the nation 


“The stimulus funding 
will demonstrate the 


NIH funding are well known: even though the 
research budget increased by 100%, the biomedi- 
cal research system was hit bya ‘funding crisis’ in 
2003. Yet the structural lessons from that experi- 
ment seem not to have been learnt, because US 
researchers and universities continue to face con- 
flicting incentives. 

First, faculty members (espe- 
cially in medical schools) are 
encouraged to obtain much of 


can develop solutions to pov- weaknesses in the their remuneration from NIH 
erty, health inequities and American model for research grants. Second, during 
environmental sustainability innovation.” the 1998-2003 period, many 


if it can approach research 

from an outcomes basis, and 

ifit can orient knowledge towards real-world 
applications. 

One-off stimulus funding will produce new 
ideas, and some will have impact. In recent 
months, the American research establishment 
has advanced thousands of new ideas and some 
bold technology development efforts. These 
projects have come from a research enter- 
prise that is capable and hungry for resources. 
Nonetheless, it remains an enterprise that must 
mature its overall logic ifit is to help the nation 
meet its national and global goals. 


Michael S. Teitelbaum 
Alfred P. Sloan Foundation 


Incentives for universities do not 
promote sustainable behaviour. 
One major weakness of the world-class US 
biomedical research system is that its own 
health depends on substantial continuing 
funding increases. Indeed, its very stability is 
undermined if research budget increases fall 
below 6% annually, and it is deeply vulnerable 
to funding accelerations and decelerations — 
the most destabilizing being a rapid cash injec- 
tion that lasts only a few years. 

The results of the 1998-2003 doubling of 
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universities responded to the 

promise of NIH budget growth 
by expanding their laboratory facilities, often 
using borrowed funds in expectation that they 
could be financed by further funding increases. 
Although most doubted that the period's very 
rapid budget increases (14-15%) would con- 
tinue, many behaved as though later budgets 
would growat the roughly 8% levels before 1998. 
For some this proved to be a damaging miscal- 
culation when NIH budget increases essentially 
ceased in 2003. Third, because the biomedical 
workforce consists heavily of graduate-student 
and postdoctoral research assistants, more NIH 
funding creates short-term demand for these 
workers, but a later excess of recent PhD recipi- 
ents seeking faculty positions and funding. 

These elements drive the research funding 
system towards instability. Further hardships 
have been created by state funding cuts at public 
universities and sharp declines in endowments 
at private universities. 

Itis unclear how US research universities and 
especially their medical schools will address 
these enduring structural challenges. The 2009 
stimulus act’s sudden spike of an additional 
$10.4 billion to the NIH over two years makes 
this question even more pressing. 

In the short term, the incentives for universi- 
ties seem clear: obtain as much of these short- 
term stimulus funds as possible, recognizing 
that they are intended to be spent quickly and 
may fill gaps left by reduced revenues from 
state budgets and private endowments. When 
the NIH announced that some of its stimulus 
funds would support 200 new Challenge Grants 
of up to $1 million each, the agency received an 
astounding 21,000 grant proposals. 

But research universities need to plan for 
what happens when this funding wanes. If the 
economy recovers by that time, universities’ 
current financial stringencies could diminish. 
If not, there is a danger ofa repeat of the NIH 


feast-famine experience. a 
The views expressed are the author's and not 
necessarily those of the Alfred P. Sloan Foundation. 


See Editorial, page 847; News, page 856. 
Join the discussion at go.nature.com/wYicmJ. 
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Massively collaborative mathematics 


The ‘Polymath Project’ proved that many minds can work together to solve difficult mathematical problems. 
Timothy Gowers and Michael Nielsen reflect on the lessons learned for open-source science. 


n27 January 2009, one of us — Gowers 
() — used his blog to announce an unu- 

sual experiment. The Polymath Project 
had a conventional scientific goal: to attack an 
unsolved problem in mathematics. But it also 
had the more ambitious goal of doing math- 
ematical research in a new way. Inspired by 
open-source enterprises such as Linux and 
Wikipedia, it used blogs and a wiki to mediate 
a fully open collaboration. Anyone in the world 
could follow along and, if they wished, make a 
contribution. The blogs and wiki functioned 
as a collective short-term working memory, 
a conversational commons for the rapid-fire 
exchange and improvement of ideas. 

The collaboration achieved far more than 
Gowers expected, and showcases what we 
think will be a powerful force in scientific 
discovery — the collaboration of many minds 
through the Internet. 

The specific aim of the Polymath Project was 
to find an elementary proof of a special case 
of the density Hales—Jewett theorem (DH)J), 
which is a central result of combinatorics, the 
branch of mathematics that studies discrete 
structures (see ‘Multidimensional noughts 
and crosses’). This theorem was already known 
to be true, but for mathematicians, proofs are 
more than guarantees of truth: they are valued 
for their explanatory power, and a new proof 
of a theorem can provide crucial insights. 
There were two reasons to want a new proof 
of the DHJ theorem. First, it is one of a clus- 
ter of important related results, and although 
almost all the others have multiple proofs, DHJ 
had just one — a long and complicated proof 


that relied on heavy mathematical machinery. 
An elementary proof — one that starts from 
first principles instead of relying on advanced 
techniques — would require many new ideas. 
Second, DHJ implies another famous theorem, 
called Szemerédi’s theorem, novel proofs of 
which have led to several breakthroughs over 
the past decade, so there is reason to expect 
that the same would happen with a new proof 
of the DHJ theorem. 

The project began with 
Gowers posting a descrip- 
tion of the problem, pointers 
to background materials and 
a preliminary list of rules for 
collaboration (see go.nature. 
com/DrCmnC). These rules helped to create a 
polite, respectful atmosphere, and encouraged 
people to share a single idea in each comment, 
even if the idea was not fully developed. This 
lowered the barrier to contribution and kept 
the conversation informal. 


Building momentum 

When the collaborative discussion kicked off 
on 1 February, it started slowly: more than 
seven hours passed before Jozsef Solymosi, 
a mathematician at the University of British 
Columbia in Vancouver made the first com- 
ment. Fifteen minutes later a comment came 
in from Arizona-based high-school teacher 
Jason Dyer. Three minutes after that Terence 
Tao (winner of a Fields Medal, the highest 
honour in mathematics) at the University of 
California, Los Angeles, made a comment. 
Over the next 37 days, 27 people contributed 


© 2009 Macmillan Publishers Limited. All rights reserved 


“Who would have guessed 
that the working record 
of amathematical project 
would read like a thriller?” 


approximately 800 substantive comments, 
containing 170,000 words. No one was spe- 
cifically invited to participate: anybody, from 
graduate student to professional mathema- 
tician, could provide input on any aspect. 
Nielsen set up the wiki to distil notable insights 
from the blog discussions. The project received 
commentary on at least 16 blogs, reached the 
front page of the Slashdot technology-news 
aggregator, and spawned 
a closely related project 
on Taos blog. Things went 
smoothly: neither Internet 
‘trolls’ — persistent posters 
of malicious or purpose- 
fully distracting comments 
— nor well-intentioned but unhelpful com- 
ments were significant problems, although 
spam was an occasional issue on the wiki. 
Gowers acted as a moderator, but this involved 
little more than correcting a few typos. 

Progress came far faster than anyone 
expected. On 10 March, Gowers announced 
that he was confident that the Polymath par- 
ticipants had found an elementary proof of the 
special case of DHJ, but also that, very surpris- 
ingly (in the light of experience with similar 
problems), the argument could be straightfor- 
wardly generalized to prove the full theorem. 
A paper describing this proof is being written 
up, along with a second paper describing related 
results. Also during the project, Tim Austin, a 
graduate student at the University of California, 
Los Angeles, announced another new (but non- 
elementary) proof of DHJ that made crucial 
use of ideas from the Polymath Project. 
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The working record of the Polymath Project 
is a remarkable resource for students of 
mathematics and for historians and philo- 
sophers of science. For the first time one 
can see on full display a complete account 
of how a serious mathematical result was 
discovered. It shows vividly how ideas grow, 
change, improve and are discarded, and how 
advances in understanding may come notina 
single giant leap, but through the aggregation 
and refinement of many smaller insights. It 
shows the persistence required to solve a 
difficult problem, often in the face of con- 
siderable uncertainty, and how even the 
best mathematicians can make basic mis- 
takes and pursue many failed ideas. There are 
ups, downs and real tension as the partici- 
pants close in ona solution. Who would have 
guessed that the working record of a math- 
ematical project would read like a thriller? 


Broader implications 

The Polymath Project differed from tradi- 
tional large-team collaborations in other 
parts of science and industry. In such col- 
laborations, work is usually divided up in 
a static, hierarchical way. In the Polymath 
Project, everything was out in the open, 
so anybody could potentially contribute 
to any aspect. This allowed ideas to be 
explored from many different perspectives 
and allowed unanticipated connections to 
be made. 

The process raises questions about author- 
ship: it is difficult to set a hard-and-fast bar for 
authorship without causing contention or dis- 
couraging participation. What credit should be 
given to contributors with just a single insight- 
ful contribution, or to a contributor who is 
prolific but not insightful? As a provisional 
solution, the project is signing papers with a 
group pseudonym, ‘DHJ Polymath; anda link 
to the full working record. One advantage of 
Polymath-style collaborations is that because 
all contributions are out in the open, it is 


transparent what any given person contributed. 
If it is necessary to assess the achievements of a 
Polymath contributor, then this may be done 
primarily through letters of recommendation, 
as is done already in particle physics, where 
papers can have hundreds of authors. 

The project also raises questions about 
preservation. The main working record of the 
Polymath Project is spread across two blogs 
and a wiki, leaving it vulnerable should any of 
those sites disappear. In 2007, the US Library 
of Congress implemented a programme to 


Multidimensional noughts and crosses 


To understand the density 
Hales-Jewett theorem (DH3J), 
imagine a multidimensional 
noughts-and-crosses (or 
tic-tac-toe) board, with k 
squares on aside (instead 

of the usual three), and inn 
dimensions rather than two. 
Any square in this board has 
ncoordinates between 1 and 
k, so for instance if k=3 and 
n=5, thena typical point 
might be (1,3,2,1,2). A line on 
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such a board has coordinates 
that either stay the same 
from one point to the next, or 
go upwards or downwards. 
For instance, the three points 
(1,2,3,1,3), (2,2,3,2,2) and 
(3,2,3,3,1), form a line. DHJ 
states that, for a very large 
number of dimensions, filling 
in even a tiny fraction of the 
board always forces a line 

to be filled in somewhere — 
there is no possible way of 
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avoiding such a line. More 
than this, there is no way to 
avoid a ‘combinatorial line’, 

in which the coordinates that 
vary have to vary inthe same 
direction (rather than some 
going up and some going 
down), as in the line (1,2,3,1,1), 
237 2D randiGw3e'3): 
The initial aim of the polymath 
project was to tackle the first 
truly difficult case of DH, 
which is when k=3. 


preserve blogs by people in the legal profession; 
a similar but broader programme is needed to 
preserve research blogs and wikis. 

New projects now under way will help 
to explore how collaborative mathematics 
works best (see go.nature.com/4Zfldc). 

One question of particular interest is 
whether the process can be scaled up to 
involve more contributors. Although DHJ 

Polymath was large compared with most 

mathematical collaborations, it fell short of 
being the mass collaboration initially envis- 
aged. Those involved agreed that scaling up 
much further would require changes to the 
process. A significant barrier to entry was 
the linear narrative style of the blog. This 
made it difficult for late entrants to identify 
problems to which their talents could be 
applied. There was also a natural fear that 
they might have missed an earlier discussion 
and that any contribution they made would 
be redundant. In open-source software 
development, this difficulty is addressed 
in part by using issue-tracking software to 
organize development around ‘issues’ — typi- 
cally, bug reports or feature requests — giving 
late entrants a natural starting point, limiting 
the background material that must be mas- 
tered, and breaking the discussion down into 
modules. Similar ideas may be useful in future 

Polymath Projects. 


Towards open science 

The Polymath process could potentially be 
applied to even the biggest open problems, 
such as the million-dollar prize problems of 
the Clay Mathematics Institute in Cambridge, 
Massachusetts. Although the collaborative 
model might deter some people who hope to 
keep all the credit for themselves, others could 
see it as their best chance of being involved in 
the solution of a famous problem. 

Outside mathematics, open-source 
approaches have only slowly been adopted by 
scientists. One area in which they are being 
used is synthetic biology. DNA for the design 
of living organisms is specified digitally and 
uploaded to an online repository such as the 
Massachusetts Institute of Technology Registry 
of Standard Biological Parts. Other groups may 
use those designs in their laboratories and, if 
they wish, contribute improved designs back 
to the registry. The registry contains more 
than 3,200 parts, deposited by more than 100 
groups. Discoveries have led to many scientific 
papers, including a 2008 study showing that 
most parts are not primitive but rather build 
on simpler parts (J. Peccoud et al. PLoS ONE 3, 
e267 1; 2008). Open-source biology and open- 
source mathematics thus both show how sci- 
ence can be done using a gradual aggregation of 
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insights from people with diverse expertise. 
Similar open-source techniques could be 
applied in fields such as theoretical physics and 
computer science, where the raw materials are 
informational and can be freely shared online. 
The application of open-source techniques 
to experimental work is more constrained, 
because control of experimental equipment 
is often difficult to share. But open sharing 


of experimental data does at least allow open 
data analysis. The widespread adoption of such 
open-source techniques will require significant 
cultural changes in science, as well as the devel- 
opment of new online tools. We believe that 
this will lead to the widespread use of mass 
collaboration in many fields of science, and 
that mass collaboration will extend the limits 
of human problem-solving ability. a 


Timothy Gowers is in the Department of Pure 
Mathematics and Mathematical Statistics, 
University of Cambridge, Wilberforce Road, 
Cambridge CB3 OWB, UK, and a Royal Society 
2010 Anniversary Research Professor. Michael 
Nielsen is a Toronto-based writer and physicist 
working on a book about the future of science. 
e-mails: W.T.Gowers@dpmms.cam.ac.uk; mn@ 
michaelnielsen.org 


Stitching science together 


Google Wave is the kind of open-source online collaboration tool that should drive scientists 
to wire their research and publications into an interactive data web, says Cameron Neylon. 


firmly wedded to its print origins. We cling 

to the notion that ‘the real version’ exists on 
the page. Beyond ease of delivery, we take very 
little advantage of the potential of the World 
Wide Web to transform the way we store and 
transfer knowledge. We rarely take the oppor- 
tunity to update material with new data, or to 
provide a record of how a document or data set 
has changed. Gene names and protein structures 
should be routinely linked to database entries 
through hyperlinks. The outputs of computa- 
tional processes should be connected to their 
inputs, so analyses can be redone. If we can make 
these records accessible to humans and readable 
by machines, then whole new types of analysis 
will become possible, indeed standard. 

Many of these things are possible today. 
But they are hard to achieve. Much effort has 
gone into solving parts of the problem, by big 
players such as Microsoft and Amazon as well 
as by smaller organizations. Electronic lab 
notebooks can help to capture the details of 
science, and databases can make it available to 
the user. Reference-management tools such as 
Delicious, semantic data stores and Wikipedia 
can help to wire up and monitor knowledge. 
But the tools are often difficult to use and don't 
‘talk to each other. There is no single frame- 
work that makes it easy to link all the steps of 
science. Scientists do their analysis and writing 
using different software, and prepare graphs 
and record data using different tools. 

Very few companies worldwide have both 
the expertise and resources to take on the task 
of stitching this together. So it is with great 
interest that I have watched Google develop its 
product, Google Wave. The company describes 
Google Wave as “what e-mail would look like 
ifit were invented today”. It blends elements of 
e-mail with instant messaging and online col- 
laborative authoring. The big change is that the 


S cience communication today remains 


‘document or ‘wave is shared between all the 
participants and updates flow in real time. You 
no longer need to worry about which version 
ofa document you have e-mailed around. This 
is helpful for scientists, but not revolutionary. 
Where Wave offers a big step for science is in 
two other functionalities. 


Two steps forward 

First, Wave introduces the idea of robots: 
automated agents that can be invited into a 
document. Robots could look through your 
paper checking for Protein Data Bank codes 
or gene names, for example, and putting in 
links to the databases. A robot might represent 
a lab instrument, adding data automatically 
to your laboratory record when they become 
available. You can easily add maps, video or 
three-dimensional graphics to your work 
using ‘gadgets’ or ‘applications, familiar from 
services such as iGoogle and Facebook. Robots 
can interact with this information, making it 


© 2009 Macmillan Publishers Limited. All rights reserved 


possible to have a dashboard in your inbox to 
monitor and control instruments in the lab. 

The second step forward is using versions. 
Each wave maintains a record of every change. 
It could be possible to check each step from 
data collection to drawing a graph and its 
publication. This would allow a reader to step 
through an analysis to see where conclusions 
have come from, and would make detecting 
fraud — or honest mistakes — much easier. 

Google has done a good thing in making 
the protocol and programming tools open 
source, enabling people to test and build. Per- 
haps 50 people, myself included, from experi- 
mental scientists to journal publishers, have 
been testing the prototype system for science 
applications since June, building robots that 
link chemical information, visualize data and 
format references. Since 30 September, amuch 
bigger group has been testing. But real benefits 
will come only if the system is widely adopted. 
Perhaps a new generation of scientists will be 
required to exploit the power that working with 
these dynamic documents and tools offers. 

Solving the current problems in science 
communication requires the intervention of 
strong companies such as Google. But it will 
take more than technical advances to provoke 
scientists into taking full advantage of the web. 
We need pressure, and perhaps compulsion, 
from journals and funders to raise publishing 
standards to the new level made possible by 
such tools. Google Wave may not be, indeed is 
probably not, the whole answer. But it points 
the way to tools that build records and repro- 
ducibility into every step. And that has to be 
good for science. | 
Cameron Neylon is senior scientist in 
biomolecular sciences at the Science and 
Technology Facilities Council Rutherford 
Appleton Laboratory, Didcot OX11 0QX, UK. 
e-mail: cameron.neylon@stfc.ac.uk 
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Art history's window onto the mind 


Neuroscientists should worry less about testing abstract qualities such as beauty, and work with 
art historians towards a concrete understanding of types of viewing, argues Martin Kemp. 


“Art is clearly an expression of our aesthetic 
response to beauty,’ wrote neuroscientist Vilay- 
anur Ramachandran in the October 2006 issue 
of Scientific American Mind, before noting that 
there is no consensus in the worlds of art about 
the definition of ‘art; ‘aesthetic or ‘beauty. 

The lack of accepted definitions for such key 
terms has, however, proved to be no deterrent 
to their investigation by scientists. It seems that, 
released into an arena of analysis in which the 
rules of science are perceived as not operating, 
these researchers discard the rigour they would 
normally observe. 

Yet our responses to artworks offer much for 
neuroscience to investigate, without resorting 
to such generalizations. Art’s diversification 
has been matched by our sophistication in 
the perception of it. Happily, a few scientists 
and art historians are beginning to direct their 
efforts to the more pragmatic questions of how 
we perceive and attach significance to forms. 

Studying the arts is not a science, but the 
field has standards in the taking and use of 
evidence. The process of hypothesis formula- 
tion and the quest for evidence, evaluation and 
analysis of sources, matching and reformula- 
tion have their own kind of discipline. As an 
art historian, I dislike one hypothesis sitting 
on the shoulders of another unproven one as 
much as any scientist. 

Most art historians would not regard ‘art’, 
‘aesthetic and ‘beauty’ as absolute terms that 


Mark Rothko's abstract art created new neurological responses. 
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are the goal of their enquiries or even major 
guiding principles. Many, like myself, deny 
their use as absolutes at all. At best they serve 
as subjects of period study. Instead, in the past 
30 years or so, the discipline of art history has 
increasingly focused on contexts — on the 
complex conditions under which artefacts 
were generated and have functioned in par- 
ticular societies. 

However, several promi- 
nent neuroscientists continue 


offers a way out of this dilemma. Things we 
call beautiful share family traits. Although 
they have qualities in common, no individual 
characteristic is absolutely necessary to define 
their resemblance. The overarching descriptor 
of ‘beauty’ has no validity beyond this loose 
level of family likeness. This explains how we 
can categorize as ‘art’ both an installation of 
felt and fat by Joseph Beuys and an altarpiece 
of the Madonna and saints by 
Botticelli. 


it 0 F 
to address the absolutes, using Arthistory is Neuroscientific data fit bet- 
the formal criteria of outdated | about the conscious ter with this interpretation 
Modernist theory to define creation of works by of aesthetics as dealing with 
problems in the study of art tists forvi associations of overlapping 
with little concern for complex SLT viewels groups than with the quest to 
content. It was this striking dis- who make selective define what the brain finds 
junction that eruptedinawon- demandson what eternally beautiful. Zeki and 
derfully bloody seminar in 2002 Aesth others’ demonstrations that 
they are seeing. 


at the Getty Research Institute 
in Los Angeles, California, 
at which Ramachandran and fellow neuro- 
aesthetics pioneer Semir Zeki were confronted 
by the resident and visiting art historians. 

These art historians were mainly ‘social 
deconstructivists’ who dissected the social and 
political factors behind artworks’ creation and 
public reception. They were concerned with the 
quality of communication and visual potency 
of the artworks, not with defining their beauty. 
What resulted was a discourteous dialogue of 
the deaf — and the two distinguished scientists 
did not stay to the end. [hada good 
deal of sympathy with them. 

Neuroscience fares a little better 
with philosophical theory. How- 
ever, in the tradition of Immanuel 
Kant, the certainty that art exists 
ina definable aesthetic realm that 
serves no purpose beyond itself is 
no longer sustainable. 

Writers on art have accumulated 
terms to describe the characteris- 
tics of things that are considered 
beautiful or aesthetically pleasing: 
they may be uplifting, exalting, 
transcendent, delightful, graceful, 
poetic, harmonious, expressive 
and so on. We can describe some- 
thing as beautiful to someone who 
shares our cultural instincts, but 
we cannot define beauty itself. 

The ‘fuzzy group’ concept 
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formal arrangements of shapes 
activate different brain regions 
from figurative images help explain why, in the 
early twentieth century, many did not recognize 
abstract art as ‘art. The sight ofa Rothko paint- 
ing, with its abstract patches of colour, gener- 
ated an unfamiliar neurological response. 


Blurred boundaries 

With each move of the avant-garde beyond 
the established boundaries of art, these groups 
of related art types are rendered even fuzzier 
and more ill-defined to the point that the 
boundaries disappear altogether. Although 
still referred to as art, there is no reason why 
the painting of a traditional portrait and the 
genetic engineering of a fluorescent rabbit, 
such as by artist Eduardo Kac, should be clas- 
sified as the same kind of activity. It would 
be interesting to investigate to what extent 
comparable brain activity is triggered by such 
divergent creations; I suspect that there would 
be striking differences. 

If not in the quest for beauty, where might 
joint research in science and art history flow? 
The most tractable areas are in viewing and 
reception, bearing on the messy business of 
selective looking and slanted cognition, which 
determine that we notice some things and filter 
out others. Art history is about the conscious 
creation of works by artists for viewers who 
make selective demands on what they are see- 
ing. The investigation of the ways in which we 
view different artworks may also eventually 
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Viewers respond differently to authentic artworks and copies, suchas this pair of portraits of Rembrandt, one painted by the master and the other by a follower’. 


bear on the big questions of ‘art’ and ‘beauty, if 
only to dissolve them. 

Some neuroscientists have begun to look 
at the psychological complexities of how we 
view and value artwork. Karl Friston, of the 
Wellcome Trust Centre for Neuroimaging at 
University College London, and his colleagues 
have proposed a method of ‘psychophysi- 
ological interactior to assess the effect that 
psychological factors have on physical proc- 
esses in the brain through analysis of scans. 
This procedure has the potential to show 
how complex and interactive the viewing of 
artworks is, both between individuals and 
for an individual under different conditions. 
Another promising study, addressing how 
brand awareness affects the value we place on 
something, was that by psychologist Samuel 
McClure and his colleagues, then at Baylor 
College of Medicine in Houston, Texas, who 
reported on the neurology of preferences for 
the two main cola drinks (S. McClure et al. 
Neuron 44, 379-387; 2004). 

A glimpse of further possibilities is provided 
by an exploratory study, yet to be published, 
which was undertaken this year by Mengfei 
Huang and Andrew Parker at the Univer- 
sity of Oxford, UK, with my assistance. The 


research tested people's responses to authentic 
Rembrandt portraits and works by other art- 
ists that are close in appearance to the master’s 
portraits. It is widely acknowledged in the art 
world that once a work is revealed as ‘not right, 
it discernibly looks different to a viewer. Fea- 
tures that were previously overlooked suddenly 
become glaringly obvious. It is as if a former 
lover is no longer blinded by love. 

Rembrandt was chosen because of the large 
number of portraits he painted, and the even 
larger number of portraits produced in his 
style, ranging from works by close followers to 
downright fakes. In our experiment, viewers 
were presented with a brief statement explain- 
ing Rembrandt’s importance, his style devel- 
opment, the large number of imitations and 
the huge implications, not least financial, of a 
painting's authenticity. 

Protocols were devised so that two sets of 
viewers were presented with the same group of 
pictures, a mix of Rembrandts and non-Rem- 
brandts, but with each group labelled differ- 
ently. The labelling did not correspond to the 
actual status of each painting and was reversed 
for each set of participants. The main purpose 
was to detect differential brain responses to the 
flagging of authenticity, but we were also able 
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to detect if the portraits that were authentic 
triggered a different reaction. The results suggest 
some subtle interactions between neural activity, 
expectation, memory and value systems. 

This kind of investigation is only a begin- 
ning. It would be useful to extend the study 
to bodies of expert viewers. By expert, I do 
not just mean art historians who know their 
Rembrandts from their Flincks. Rather, I mean 
people who have different types of engagement 
with the faces of the historic people depicted, 
from psychologists to costume historians, from 
picture restorers to cartoonists. The problems 
of method here are legion, but protocols can 
be devised to overcome them. 

Let us look beyond “art; ‘beauty’ and ‘aes- 
thetics’ and engage with concrete problems 
that tell us about varied modes of viewing. Art 
historians and scientists need to work together 
to define new questions that are both tractable 
and of genuinely shared interest. 

is emeritus professor in history of 
art at the University of Oxford, Oxford, UK. 


‘Rembrandt's self-portrait is on the left. 


See online at go.nature.com/phyLwm for more on 
neuroscience. 
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In Retrospect: Brodmann’'s brain map 


A classic neurology text written 100 years ago still provides the core principles for linking 
the anatomy of the cerebral cortex to its functions today, explains Jacopo Annese. 


Localisation in the Cerebral Cortex 
by Korbinian Brodmann 
First published 1909 (in German). 


The development of advanced magnetic 
resonance imaging techniques over the past 
30 years has heralded today’s ‘golden age’ of 
human brain mapping. Yet in the quest to chart 
structural and functional subdivisions in the 
brain, and in the cerebral cortex in particular, 
the first quarter of the twentieth century was 
at least as momentous. 

At the forefront of that pioneering effort 
was a German physician who is still revered by 
brain scientists today, but whose seminal book 
on cortical anatomy is read by few. Korbinian 
Brodmann’s Localisation in the Cerebral Cor- 
tex, published 100 years ago, details his system 
for subdividing the cortex into 52 areas, each 
signified by a number, on the basis of their 
cell type and laminar structure. It is a classic 
of neurology: Brodmann’s numbers are still 
used to indicate the location and function of 
cortical areas, and his trademark drawings 
of the human brain are reprinted wherever 
neuroscience is taught or practised. Person- 
ally, I have re-read the book carefully because 
my laboratory is engaged in producing a map 
of the cortical surface based on anatomical 
criteria, just like Brodmann, but using mod- 
ern digital technology (see http://thebrainob- 
servatory.ucsd.edu/brodmann.html). 

In Brodmann’ era, most cortical mapping 
took place in pathological laboratories that 
were linked to mental asylums and overseen 
by government bodies. But his effort started in 
an independent institute — the Neurobiologi- 
cal Laboratory in Berlin, supported and run by 
the neurologists Oskar Vogt and Cécile Vogt. 
The Vogts were mainly concerned with the 
architecture of myelinated nerve fibres, and 
how different areas of the cortex were linked 
to specific physiological functions, which 
they tested by stimulating the brains of ani- 
mals. They brought in Brodmann to carry out 
a topographical analysis of the human cerebral 
cortex based exclusively on its cellular struc- 
ture (the cytoarchitecture), using a staining 
method developed by their contemporary, 
Franz Nissl. 

The task was theoretically straightforward, 
yet it occupied Brodmann for almost a decade. 
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Using a microscope designed for the purpose, 
he undertook meticulous examinations of 
cortical tissue from the brains of humans and 
many other mammals, the results of which 
enabled him to construct his map of the human 
cortex. The map looks simple, yet the book 
makes it clear it is based on a monumental 
analytical effort. His exquisite powers of obser- 
vation and great attention to detail transform 
for the reader the tedium of scientific annota- 
tion into an exercise in anatomical voyeurism. 


Two of Brodmann's classic drawings from 1909. 


The descriptions alone mark out the bookas a 
classic, but it is well worth reading today for 
several reasons. It touches on issues that are 
highly relevant to modern neuroscience, start- 
ing with the idea that specific physiological 
functions in the cerebral cortex depend on spe- 
cific histological structure and connectivity. 
Although Brodmann’s numbers are widely 
used to link brain regions with function 
— area 4 for the primary motor cortex, for 
example — you get the sense from the book 
that he did not want to tarnish his mapping 
effort by making predictions about func- 
tional properties that might not stand the 
test of time. He reminded his readers that his 
investigation was based “exclusively on ana- 
tomical features’, rather than on physiologi- 
cal or clinical approaches, although he does 
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discuss these towards the end. Some of his 
peers were more forthright about labelling 
cortical regions according to function, notably 
the Australian-born neurologist A. W. Camp- 
bell, who used clinical evidence with results 
from physiological experiments and anatomi- 
cal analysis to make his case. Still, Brodmann’s 
objective approach has ensured that his maps 
have endured, eclipsing others of the time such 
as Campbell's. 

Another of Brodmann’s long-lasting 
achievements documented in the book is his 
defence of the accepted view that the cerebral 
cortex is divided into six fundamental layers, 
a view shared by some — but not all — neu- 
rologists of the time. Brodmann’s rationale 
was based on his own interpretation of devel- 
opmental and anatomical evidence that was 
potentially disputable, but his strong stance 
quieted the debate and it has been universally 
accepted with time. Indeed, the only valid crit- 
icism of Localisation in the Cerebral Cortex is 
that Brodmann failed to provide a clear photo- 
graphic record of the cortical areas he was clas- 
sifying. This technical drawback has made it 
hard to challenge or invalidate his conclusions 
about the way the cortex is subdivided, and has 
therefore preserved the impact of his map. 

Brodmann’ enterprise has stood up against 
what we have learned recently about brain 
architecture from modern neuroimaging 
techniques remarkably well. His approach 
remains convincing because it is based on a 
small number of unambiguous postulations 
and a deep personal involvement with the 
data. The arsenal of chemical and molecular 
techniques and digital-microscopy tools now 
at our disposal gives us far greater power to 
analyse brain structure than Brodmann had. 
Yet future projects should seek to learn from 
his impressive methods of synthesis rather 
than focusing solely on surpassing his meth- 
ods. Whatever a new microscopic map of the 
cerebral cortex may look like, it will doubt- 
less be based on the principles that Brodmann 
defended a century ago. a 
Jacopo Annese is director of The Brain 
Observatory at the University of California, 

San Diego, California 92121, USA. 
e-mail: jannese@ucsd.edu 


See online at go.nature.com/phyLwm for more on 
neuroscience. 
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OPINION 


How did you become interested 

in science? 

Through science fiction and watching the 
Apollo Moon landings. As a child Ihad a 

lot of time to explore the Universe through 
books because I was born partially crippled 
with my legs backwards. The doctors said that 
I would spend my life in braces and would 
never be able to run. My parents told me not 
to let those ideas limit me, and by the age of 
seven I ran for the first time. Overcoming 
that first hurdle showed me that experts often 
close their minds to possibilities. 


How did the idea for the movie arise? 

The genesis was from my science outreach 
work at Purdue University, where I 
collaborated with Marvel Entertainment 
and Paramount Pictures to make posters to 
promote science education using Spider-Man 
and Star Trek. In 1997, NASA wanted me to 
make a documentary to promote its Cassini 
and Huygens missions. But I came back with 
a different idea: an animated movie in which 
science concepts come to life. 


What does the film teach? 

It covers a host of physics concepts and real 
space discoveries. We travel over three- 
dimensional recreations of the surfaces 

of Mercury, Venus, Mars and the moons 
of Saturn, ending with a grand tour of its 
largest moon, Titan, based on the Cassini 
and Huygens radar and visual data. We 
have characters representing matter and 
antimatter. Actor Chris Pine is a photon, 
Amanda Peet is a neutrino, Hayden 
Christensen and Doug Jones are solar- 
surfing protons. We also have characters to 
represent fear and ignorance, things that 
keep you from learning. 


Why did Quantum Quest take more than a 
decade to complete? 

I knew from the start that it would be a long 
haul, because the radar data we needed to 
create the surface images of Titan would not 
arrive until 2008. Naively, I had recorded 

the script in 1997, not realizing that new 
discoveries would require a complete rewrite. 
Just like when you launch a spacecraft, there 
was a long gap of time in which nothing 


Q&A: The space entrepreneur 


After completing simultaneous doctorates in physics and chemistry, Harry Kloor became a 
space-exploration consultant and film-maker. As his three-dimensional animated feature Quantum 
Quest — made with real footage from the Cassini spacecraft — is previewed in New York, Kloor 
shares his thoughts on manned space flight and the use of prizes to motivate adventurous science. 


Quantum Quest charts the Solar System journey of Dave the photon, helped by The Core of the Sun. 


happened on the film. Then in October 
2007 the project came out of hibernation. 

I rewrote the script and recorded it with 

the voices of a new cast that includes actors 
Samuel L. Jackson and Mark Hamill, as well 
as astronaut Neil Armstrong. 


You have been an adviser to NASA and 
private space firms for 20 years. What do 
you think of US President Barack Obama's 
agenda for manned space exploration? 
We can't predict what we will find on other 
planets, so until we have Terminator-like 
robots who can do everything we could do, a 
human presence is good for science. I think 
we should be going to Mars and doing it 
faster than currently scheduled, using a mix 
of public and private funding. 


You were chief science adviser on the 
$10-million X PRIZE for suborbital flight. 
Are there drawbacks to stimulating 
scientific research with cash prizes? 

I don't think prizes work for everything. 

But where they do work, they can serve as a 
massive multiplier. The X PRIZE Foundation 
doesn’t put up the research funds for the 
contests; that comes from private, non- 
governmental sources. They just put up 
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the prize money and say, ‘try to tackle this 
problen’ — whether it’s the Archon X PRIZE 
to sequence 100 human genomes in 10 days 
for less than $10,000 per genome, or the 
Progressive Automotive X PRIZE to design a 
car that achieves 100 miles per gallon or the 
Google Lunar X PRIZE to land a rover on the 
Moon. The contests motivate firms to invest 
hundreds of millions of dollars in private 
funds, adding a legitimacy and prestige that 
can spur on innovation. 


Should scientists get out of the lab more? 
Spending all your time in a lab reduces your 
health and intellect. By engaging in a variety 
of activities, you can stimulate your brain. 
Skydiving and scuba diving have opened up 
my world. And some things should be done 
just because they are fun and exciting. 7 
Interview by Jascha Hoffman, a writer based in 
San Francisco, California. 


See go.nature.com/Jp67ab for Nature Network's 
blog of the Imagine Science Film Festival. 


Quantum Quest: A Cassini Space Odyssey 
Imagine Science Film Festival, 

CUNY Graduate Center, New York City 
Preview on 21 October 
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BEHAVIOURAL NEUROBIOLOGY 


Chemical love 


Nicolas Gompel and Benjamin Prud'homme 


Male and female fruitflies use pheromones to flaunt their species identity and gender as they court amid 
other fruitfly species. The grammar of this chemical language is surprisingly sophisticated. 


Successful mating is all about making the right 
choices. But, as we all know, this is not an easy 
undertaking. Before engaging in courtship, a 
male needs to make sure that a potential mate 
is actually female, that she is of the same spe- 
cies, and is sexually mature and receptive. 
Meanwhile, in addition to checking species 
and gender, a female needs to assess her suit- 
or’s qualities before she accepts him as a mate. 
Therefore, although males often make the first 
move by deciding whom to court, females have 
the last word in deciding with whom they will 
mate. The primary signals that animals use to 
guide these decisions are sensory inputs, but 
it is largely unclear how such signals translate 
into stereotyped behavioural decisions. On 
page 987 of this issue, Billeter and colleagues’ 
shed light on this matter by deciphering the 
chemical dialogue that takes place between 
male and female fruitflies as they vie for 
success in the mating game. 

The fruitfly Drosophila melanogaster mates 
at dinner, which typically takes place ina com- 
post heap. The trouble is that this dining area 
is abuzz with many different fruitfly species, 
which often look remarkably similar. How can 
a male distinguish a female of the same species 
among the crowd? Chemical communication in 
the form of pheromones seems to constitute 
the key signal”*. Pheromones are compounds 
that are exchanged between prospective mates 
by means of olfaction or gustation before and 
during mating**. They have long been known 
to have a central role in mate choice and the 
decision to mate in various animals, from 
insects to mammals. But the precise role of 
individual pheromones in sexual commu- 
nication has been difficult to assess because 
pheromones are usually secreted as blends® 
(about 30 different molecules cover the fly 
body), and they function in conjunction with 
other signals. 

Billeter et al.’ tackled this problem by assess- 
ing the function of individual pheromones one 
at a time using a simple but powerful approach. 
First, they engineered D. melanogaster flies that 
are devoid of any pheromone by using genetic 
tools to deplete the cells that secrete these 
molecules. Then they perfumed these chemi- 
cally mute flies with individual pheromones or 


Drosophila melanogaster 


Drosophila melanogaster 


7, 11-HD 


Other Drosophila species 


Drosophila melanogaster 


Figure 1| Pheromones impart species identity 

in Drosophila. Billeter et al.' report that the 
pheromone 7,11-HD, produced by Drosophila 
melanogaster females, acts as an aphrodisiac on 
males of the same species (upper panel) but as a 
deterrent to males of other species (lower panel). 
The upper panel shows a D. melanogaster male 
serenading a female by vibrating his wing while 
he licks her genitalia — a prelude to copulation. 


blends of pheromones, and tested the effects 
on other flies. 

To their surprise, unlike Patrick Siiskind’s 
odourless protagonist Jean-Baptiste Grenouille 
in the novel Perfume, the unscented flies, 
regardless of their gender, are hyperattractive 
to males. This result contradicts the wide- 
spread belief that pheromones are required 
to initiate courtship’ and suggests that other 
sensory inputs such as vision may be a trigger 
for mating. Moreover, when perfumed with the 
female D. melanogaster pheromone 7,11-HD, 
long thought to be an aphrodisiac, the scent- 
less flies do not become any more appealing to 
males — as the authors reveal, the aphrodisiac 
role of 7,11-HD is more subtle than previously 
thought. 

During copulation, a male-specific chemical 
compound, cVA, is transferred to the female. 
This pheromone modifies the female's post- 
copulatory behaviour — for instance, by induc- 
ing egg-laying — and deters other suitors’. 
Billeter et al. show that, as expected, the sex 
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appeal of odourless flies perfumed with cVA 
decreases. Surprisingly, however, they find that 
the addition of 7,11-HD on top of cVA lowers 
the deterrent effect of cVA ina dose-dependent 
manner. Hence, a female compound, 7,11-HD, 
can counter the chemical chastity belt imposed 
by cVA and broadcast a female's receptivity. 
This pheromonal negotiation illustrates the 
conflicting agendas of sexual partners: it is in 
the male's interest that his conquest doesn’t 
re-mate with another male, whereas the 
female seeks to maximize the chances of hav- 
ing her eggs fertilized by mating with several 
different males. 

Now, what happens when a male of species A 
approaches a female of species B? Odourless 
flies elicit courtship from males of different spe- 
cies, indicating that pheromones impart species 
identity. Billeter et al.’ show that, although 
7,11-HD attracts D. melanogaster males, it 
deters males of other species whose female 
members do not secrete 7,11-HD, and is suffi- 
cient to discriminate between different species 
(Fig. 1). Therefore, a single fly pheromone has 
a central role in mate choice by tagging both 
female and species identity. 

By studying the effect of single pheromones, 
Billeter and colleagues reveal the unexpectedly 
subtle and complex nature of the chemical dia- 
logue that takes place between sexual partners, 
and lay the groundwork to address related ques- 
tions. Flies, like other animals, receive countless 
sensory signals that are integrated to generate 
appropriate behaviours. How this integration 
is computed in the brain is still a mystery. The 
neural integration of different pheromones is 
illustrated by the opposite effects of 7,11-HD 
and cVA. When exposed to both compounds 
at the same time, a fly has to decide what to 
do — whether to exhibit one behaviour (court- 
ing) or another (not courting). Where and how 
does this integration happen in the brain? The 
receptor for cVA has been identified*”, as have 
aspects of the neuronal pathway that mediates 
its response”’. However, for 7,11-HD, neither its 
receptor nor the neuronal circuitry transduc- 
ing its effects is known — this information isa 
prerequisite for understanding the neural basis 
of pheromone-signal integration. 

The authors’ work’ also touches on how 
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the chemical dialogue of courtship evolves by 
changes in both signal emission (the phero- 
mones) and signal reception (the neuronal 
circuit processing the signal). Although it is 
well documented that the composition of the 
pheromone bouquet evolves quickly among 
species””, little is known about the evolution of 
the perception of these chemical cues. What is 
the difference between D. melanogaster males 
that are attracted by 7,11-HD and their kin 
from other species that are deterred by the same 
compound? Are these distinctions located in 
sensory neurons — for example, does 7,11-HD 
bind different receptors in different species, 
triggering divergent responses? Or are dispari- 
ties in pheromone perception due to processes 
lodged more deeply in the brain's circuitry? 
The difference among fruitfly species paral- 
lels that of male and female D. melanogaster, 
which respond differently to cVA. In this case, 
the sexually dimorphic response is known to 
lie deeper in the neuronal circuit, in the form of 
subtle differences in synapse morphology”. 
Billeter et al.’ have taken a crucial step in 


dissecting pheromonal inputs to courtship 
initiation in the fruitfly. But how sensory 
representation leads to decision-making, and 
the evolution of this representation among 
species, awaits further study. | 
Nicolas Gompel and Benjamin Prud'homme are 
at the Institut de Biologie du Développement de 
Marseille-Luminy, Parc scientifique de Luminy, 
case 907, 13288 Marseille cedex 9, France. 
e-mails: gompel@ibdml.univ-mrs.fr; 
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CONDENSED-MATTER PHYSICS 


Wien route to monopoles 


Shivaji Sondhi 


Determining the magnetic charge of monopoles in a crystalline host 
seemed a mountain too high for physicists to climb. An experiment 
based on Wien’'s theory of electrolytes has now measured its value. 


The exotic class of crystalline solids known as 
‘spin ices’ has proved, perhaps surprisingly, to 
be a repository of some elegant physical phe- 
nomena. Spin ices are rare, three-dimensional 
systems in which the magnetic moments 
(spins) of the ions remain disordered even 
at the lowest temperatures available. In these 
crystalline solids, it has been recognized that 
a material’s collective excitations above the 
ground state behave as point-like objects that 
are the condensed-matter versions of magnetic 
monopoles’ — particles that, unlike iron mag- 
nets, have a single magnetic pole and hence 
carry an overall magnetic charge. 

Initially, it was not evident that their charge 
could be measured in a straightforward way. 
After all, magnetic monopoles live in a lattice 
at a moderate density under normal laboratory 
conditions — not the sort of setting in which 
you could carry out a magnetic version of 
Millikan and Fletcher's oil-drop experiment to 
determine the electric charge of the electron. 
Happily, such obstacles have triggered ingen- 
uity, and on page 956 of this issue Bramwell 
and colleagues’ report a measurement of the 
magnetic charge of the monopoles in spin ice 
that is in surprisingly good agreement with the 
robust theoretical prediction’ of the same. 

The route that Bramwell et al. take begins 
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with the Wien effect. In its normal incarnation, 
this is the increase in the conductance of an 
electrolyte at strong electric fields. The theory 
underlying this phenomenon was first worked 
out by Lars Onsager’, and central to it is the 
association and dissociation of the molecules 
of the electrolyte under the influence of an 
applied electric field. Essentially, the electric 
field rips molecules apart into oppositely 
charged ions at an enhanced rate while they 
recombine at a rate that is unchanged — the 
latter phenomenon was first discovered by Paul 
Langevin‘ in 1903. The net result is a greater 
density of ions and hence an enhanced con- 
ductance. Specifically, the increase is linear, 
with a coefficient that readily allows determi- 
nation of the charge of the ions — a memory 
of the attraction between the ions, which the 
electric field overcomes. 

In their study, Bramwell and colleagues’ map 
the fractionalization of magnetic dipoles in a 
spin-ice material (Dy,Ti,O,) on to the ioniza- 
tion of molecules in Onsager’s theory. The 
dipoles can be viewed as ‘molecules’ consist- 
ing of monopole-anti-monopole pairs. The 
monopoles and anti-monopoles play the part 
of ions that can separate and take on a reality 
through spin-flipping processes. The dissocia- 
tion of dipoles is stimulated by an externally 
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applied magnetic field, and the energetics of 
this process involve the magnetic ‘Coulomb’ 
interaction — in exactly the same manner as 
the energetics of molecule dissociation under 
the action of an electric field involves the true 
Coulomb interaction. 

So far, so good — as far as the application of 
Onsager’s theory to magnetic dipoles goes. All 
that is left to be done is to measure the mag- 
netic conductance of the spin-ice material. 
Unfortunately, this is not so easy — our mag- 
netic monopoles live only in spin ice, and the 
analogue of the external electric circuit in an 
experiment with an electrolyte is not obvious 
(although it could conceivably be done with 
various pieces of spin ice). 

To get around this obstacle, Bramwell et al. 
turned to another insight from Onsager’s theory 
— that the enhanced density of ions (or of the 
magnetic monopoles in the authors’ mapping) 
should bring with it an enhanced relaxation rate 
for departures of the ionic density (monopole 
density) from its equilibrium value. As fluc- 
tuations of the monopole density produce 
fluctuations of the magnetic fields inside the 
material, their task was reduced to measuring 
the relaxation rate for such fluctuations in an 
applied magnetic field. For spin ice, they chose 
to probe the relaxation rate with a technique 
known as muon spin rotation, which consists of 
implanting spin-polarized muons in the mater- 
ial and detecting the positrons emitted when 
they decay. The distribution of the positrons 
‘remembers the orientation of the muons, and 
its time evolution yields information about 
the time evolution of the magnetic fields in 
the material. Happily, the authors found a 
linear enhancement of the relaxation rate with 
increasing magnetic field, and extracted a mag- 
netic-monopole charge that agrees surprisingly 
well with the theoretical prediction’. 

Ithinkit is clear that Bramwell and colleagues’ 
result” is a triumph of a bold experimental 
foray down a chain of inference that others 
may have prudently refrained from follow- 
ing. For that very reason, though, it raises 
several fascinating questions that will occupy 
theorists until the “Wien effect’ in spin ice can 
be declared a closed subject. For one thing, 
Onsager’s theory is for a system out of thermal 
equilibrium, and the set-up in spin ice is, in 
theory, an equilibrium set-up. That said, the 
experiment itself and the determination of the 
charge of magnetic monopoles are striking, 
and strongly suggest that we are on our way to 
developing a consistent picture of the low-tem- 
perature behaviour of spin ice — one in which 
magnetic monopoles become entirely familiar 
objects. The results of the latest low-tempera- 
ture neutron-scattering experiments” also line 
up very well with the physics of monopoles in 
these spin-ice materials. No doubt there is still 
room for more insightful experimental work 
in this area. 

Beyond establishing the basic physics of 
magnetic monopoles, it would be interesting to 
see whether monopoles could be manipulated 
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ina controlled manner. For example, one could 
aim to build the magnetic counterparts of 
alternating-current electrical circuits. On the 
way to turning the study of monopoles into a 
proper applied science, it will be necessary to 
ask if the basic ideas of dipole fractionalization 
that give a spin-ice material its special proper- 
ties can be realized in other magnetic settings. 
Spin ice may be the first fractionalized magnet 
in three dimensions, but surely should not be 
the only one. a 
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NEUROSCIENCE 


The inside story on place cells 


Douglas Nitz 


Neurons knownas place cells encode spatial information that is needed 
to guide an animal's movement. Nearly 40 years after these cells were 
discovered, neuroscience gets a look at their internal dynamics. 


On page 941 of this issue, Harvey et al.’ 
describe a novel combination of techniques 
that they have used to address unresolved ques- 
tions about brain function. The experiments 
involve mice navigating within a virtual-reality 
setting while intracellular electrophysiological 
recordings are made of particular 
neurons — pyramidal neurons — 
in the hippocampus. The ability 
to gather such data adds greatly 
to the information that can be 
gleaned from the accompanying 
extracellular recordings. 

The gap in our knowledge 
between findings obtained from 
intracellular and extracellular 
electrophysiology experiments is 
closing fast, and the timing could 
hardly be better. Today especially, 
it is difficult to overstate the 
importance of understanding how 
the dynamics of electrical activity 
within single neurons is related to 
firing patterns among collections 
of neurons that accompany the 
performance of complex tasks. 
Such information is necessary to 
fully understand the operational 
principles of neural networks 
that have been newly revealed 
by subtle manipulations of their 
elements’. It is equally relevant 
to teams of scientists who are 
struggling to develop large- 
scale, spiking-neuron models of 
the brain that apply to the real 
world’. 

Into this mix comes research 
from David Tank’s group, in the | 
form of the paper by Harvey et al.', 
which proves that it is not impos- 
sible to examine brain correlates 


of higher cognitive processes and at the same 
time identify their underlying causes at the 
cellular level. The authors’ work unveils the 
membrane-potential dynamics of ‘place cells, 
a subtype of pyramidal neuron, whose spike- 
firing patterns reflect both the animal's present 
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Figure 1 | Mouse navigation in virtual reality. The integration of approaches 
used by Harvey et al.' allows extracellular as well as intracellular place-specific 
activity in the brain to be monitored. 
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spatial position in the environment and the 
specific trajectory taken to reach that posi- 
tion. Beyond this impressive technical achieve- 
ment is a result that clarifies a basic principle 
by which temporal coding of neuronal spike 
firing can be realized. 

The 1971 discovery of place cells* was a 
strong early indication of how much would 
eventually be learned through new methods 
for extracellular single-neuron recordings in 
freely behaving animals. After decades of sub- 
sequent place-cell recording experiments, there 
is a growing consensus about the mechanisms 
by which the hippocampus simultaneously 
functions to map environmental position and 
to generate episodic memories. Critical to this 
understanding was the discovery of ‘phase 
precession’, wherein place-specific firing of 
hippocampal neurons is itself temporally organ- 
ized against a background rhythm that takes the 
form of theta-frequency (6-10 Hz) oscillations 
of the whole hippocampal neuron population. 
Here, over short intervals of time (about 125 
milliseconds), the firing order for a set of hip- 
pocampal place cells with partially overlapping 
place fields is found to match the animal's physi- 
cal trajectory corresponding to those fields. 
Phase precession stands as perhaps the most 
robust example of temporal coding of infor- 
mation in the mammalian brain. The means 
by which phase precession of place-specific 
activity occurs is, at present, a 
matter of intense debate. 

Harvey et al.' provide a power- 
ful example of what will be 
learned in the decades to come. 
The broader promise of the tech- 
nique lies in learning exactly how 
the myriad incoming synaptic 
potentials to any given neuron 
areintegrated to yield spike-firing 
patterns that closely track specific 
thoughts, perceptions or actions. 
Aside from the intellectual reward 
in understanding — at macro- 
and microscopic levels — how the 
brain functions, some, including 
myself, also see this as a prerequi- 
site for the development of brain- 
based, non-biological devices 
capable of autonomous function 
in a constantly changing environ- 
ment. Neurons condense complex 
collections of information arriv- 
ing at their synapses into the more 
concise messages contained in 
their action-potential firing pat- 
terns. The mathematical rules 
governing such transformations 
may well be applied in tomorrow's 
computers and robots. 

The experiments themselves 
involve a novel integration of 
existing techniques, each pre- 
senting its own complications. 
Combined intracellular and extra- 
cellular recordings are obtained 
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from awake mice whose heads are restrained 
and whose feet rest on a large spherical tread- 
mill (picture a very large ping-pong ball). The 
speed and direction of treadmill rotation, 
induced by the animal's leg movements, is inte- 
grated and used to move the mouse through 
a virtual-reality environment presented on 
screens shaped to cover much of its visual 
field (Fig. 1). Effectively, the animal moves 
through an environment of its own volition, a 
known requirement for normal place-specific 
activity’. 

The effort and patience involved in devel- 
oping such a difficult technique are to be 
applauded, especially given the risk of failure 
involved. Lacking the normal vestibular inputs 
from movements of its head that help an ani- 
mal monitor its own motion during actual run- 
ning, it was notat all a given that place-specific 
activity would be observed. And yet, under 
these conditions, normal-sized, trajectory- 
dependent, ‘virtual’ place fields were indeed 
apparent. Traversal through such fields was 
consistently accompanied by phase preces- 
sion, albeit to a lesser degree than seen in freely 
moving rodents. 

Having shown this, the authors’ deliver a 
first payment on the promise of the technique. 
Virtual movement of the animal through a 
given neuron’s place field is accompanied 
by a ramp-like depolarization of the cell’s 
membrane potential that spans the length of 
that field. Moreover, the depolarization envel- 
ope carries a theta-frequency rhythm that is 
much more prominent than when the animal 
moves outside the place field of the recorded 
neuron. Considered together, these results 
are consistent with the predictions of a set of 
explanations for phase precession’”®. A fea- 
ture of such ‘somato-dendritic interference 
models’ is the interaction of theta-rhythmic 
excitatory and inhibitory oscillations between 
different compartments of the cell. This is an 
exciting result in that it may prove generaliz- 
able to other brain structures, in particular the 
cerebral cortex’. 

There are many other similar, as well as 
qualitatively different, questions that may be 
addressed using this technique. The technique 
features a great degree of control over what the 
animal sees at any given time, and so it will 
probably permit in-depth studies of how the 
complex arrangements of visual stimuli that 
define environmental positions drive hippo- 
campal firing. The observation of robust place- 
field activity in a virtual-reality environment 
sets the stage for more direct comparisons 
between hippocampal function in rodents and 
primates. Finally, the initial development of the 
technique in mice suggests that the authors 
may in the future conduct experiments in 
genetically modified animals. The impact of 
excitation or inhibition of specific components 
ofthe hippocampus on intracellular dynamics 
could then be assessed. a 
Douglas Nitz is in the Department of Cognitive 
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ANALYTICAL CHEMISTRY 


The matrix neutralized 


llia Fishbein and Robert J. Levy 


Many of the best methods available for monitoring biological binding 
events can’t be used in a diverse range of clinical samples. An ultrasensitive 
assay based on magnetic signals overcomes this problem. 


The Matrix and its two sequel films explore 
the complex reality of an eponymous cyber- 
generated world that allows machines to domi- 
nate humans. This science-fiction trilogy was 
famous for its distinctive visual effects, which 
were generated using innovative combinations 
of previously existing photographic techniques. 
In Nature Medicine, Gaster et al.' report how 
they have used a similar strategy — the com- 
bination of established techniques — to devise 
an ultra-sensitive assay that detects biomarker 
proteins associated with disease or metabolic 
states. Their pioneering approach uses mag- 
netic signals to overcome the effects of the 
biological matrix, the host of compounds 
found in all biological samples that cause inter- 
ference in assays. The sensitivity of the authors’ 
technique is 1,000 times better than the current 
gold-standard method, the enzyme-linked 
immunosorbent assay (ELISA). 

Interference by biological matrices is a real 
problem in immunoassays, which rely on the 
binding of an antibody to its target antigen. 
Such interference has been defined as “the 
sum of the effects of all of the components [in 
a sample], qualitative and quantitative, with 
the exception of the analyte to be measured”. 
It occurs ubiquitously, both at the stage of 
specific antigen-antibody binding and dur- 
ing the detection phase, when the amount of 
antigen-antibody coupling is quantitatively 
translated into a measurable signal (such as 
light absorption or fluorescence). The intrinsic, 
non-zero light absorption and/or fluorescence 
of biological milieux hinder accurate measure- 
ments of analytes (antigens), especially at lower 
concentrations. 

Gaster and colleagues’ approach’ is based 
on the fundamental observation that even the 
most complex biological matrices lack a detect- 
able magnetic signal, and would therefore not 
interfere with a magnetic-field-based detection 
method. Their assay uses magnetic nanoparti- 
cles, bound with high affinity specifically to the 
biomarkers of interest, as the basis of its detec- 
tion system. To generate an electronic readout 
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of the assay, they adapted the magnetic-sensing 
capabilities of giant magnetoresistive (GMR) 
sensors, devices that were originally devel- 
oped for use in the read heads of computer 
hard drives. 

So how exactly does Gaster and colleagues’ 
assay work? The authors first attach specific 
antibodies for a target biomarker to the sur- 
face ofa GMR sensor, and expose the surface 
to a fluid sample containing that biomarker, 
whereupon the target molecules bind to the 
immobilized antibodies (Fig. 1). The authors 
then wash the sensor with a second set of anti- 
bodies that have been labelled with a com- 
pound called biotin; these antibodies also bind 
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Figure 1| Mechanism of a magneto-biosensor. 
Gaster et al.' describe an ultra-sensitive 
nanoscale sensor that detects biomarker 
proteins. Antibodies on the surface of the sensor 
specifically trap the biomarker of interest from 
a sample. The sensor is then washed with a 
solution containing more antibodies, which 

also bind specifically to the biomarker. These 
antibodies are tagged with biotin molecules, 
which bind to the protein avidin. When avidin- 
coated magnetic nanoparticles are passed over 
the sensor, they bind to the biotinylated antibody. 
The sensor is activated by applying an external 
magnetic field. This induces a magnetic field in 
the nanoparticles, which causes an electronic 
response in the sensor that correlates with the 
number of bound nanoparticles. 
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specifically to the trapped biomarkers. The 
next step is to treat the sensor with an aqueous 
suspension of magnetic nanoparticles — tiny 
spheres containing iron oxide — to which the 
protein avidin has been attached. Avidin binds 
with high affinity to biotin, and so the magnetic 
nanoparticles become strongly linked to the 
biomarker-antibody complexes on the surface 
of the sensor. Finally, the authors activate the 
sensor by exposing it to a magnetic field. The 
resulting electronic readout is proportional to 
the extent of nanoparticle binding, and thus 
provides a quantitative measure of the amount 
of biomarker bound to the sensor’s surface. 

Bioassays that use GMR sensors to detect 
molecules sandwiched between a pair of 
antibodies (one immobilized and the other 
introduced in solution) have been reported 
previously**. But there are two factors that 
distinguish Gaster and colleagues’ results’ 
from the others. First, they have meticulously 
characterized their approach for several can- 
didate analytes to prove its generality and its 
superiority to ELISA. And second, they dem- 
onstrate that their nanosensor can be used for 
multiplexing, so that as many as 64 assays can 
be performed on the same device. This capa- 
bility is possible because of the specificity and 
sensitivity of their design, and because of the 
lack of biological-matrix interference. 

The authors showed that their nanosen- 
sor assay system works in all biological fluids 
studied, including blood, urine, saliva and 
cell lysates — although the signal strength in 
saliva is less than that in other media, per- 
haps because the viscosity of saliva affects 
the binding kinetics of the assay. The authors 
also demonstrated that real-time readouts of 
binding are possible with their system, and 
that it can be used in vivo to follow the earliest 
stages of tumour progression by monitoring 
appropriate biomarkers. Turbidity and sample 
pH do not significantly affect the assay, but 
Gaster et al. found that the output signal is 
affected by temperature, so that hot or cold 
samples create undesirable spikes in the 
baseline of the electronic readout before they 
equilibrate to room temperature. The authors 
were able to correct for this, however, by process- 
ing the data using a mathematical algorithm. 
No other assay system, including ELISA, has 
such a combination of broad applicability, high 
sensitivity and low background ‘noise’ caused 
by biological-matrix interference. 

It should be noted that Gaster and col- 
leagues’ approach does not actually prevent 
the biological matrix from physically inter- 
fering with antigen-antibody interactions. 
Nevertheless, such interference can be mini- 
mized by carefully screening antibodies to find 
those that don't interact with components of 
the biological matrix’. The assay could also be 
adversely affected by inadvertent exposure to 
strong magnetic fields, such as those present 
in nuclear magnetic resonance imaging scan- 
ners, but this can be prevented by appropriate 
shielding. 


Gaster et al. speculate that their assay will be 
useful for several applications, such as studying 
protein-protein interactions and screening 
compounds for biological activity in drug- 
discovery programmes. Furthermore, the sen- 
sitivity and rapid responsiveness of the system 
permit biomarker monitoring with both high 
spatial and temporal resolution. This might 
open up exciting medical applications — for 
example, by tracking appropriate biomarkers, 
tumour responses to therapy could be antici- 
pated before any effect becomes apparent. 
That could reduce the risk of untoward drug 


effects, and allow adjustments to be made 
to medication in a more timely way than is 
currently possible. a 
llia Fishbein and Robert J. Levy are in the Division 
of Cardiology, The Children’s Hospital of 
Philadelphia, Philadelphia, Pennsylvania 
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STEM CELLS 


A fateful age gap 


Tim Stearns 


When a stem cell divides, one sister cell differentiates and the other retains 
its stem-cell identity. Differences in the age of an organelle — the centriole 
— inherited at cell division may determine these differing fates. 


One of the enduring mysteries of biology 
is how two genetically identical sister cells 
become different from each other after cell 
division. Stem cells are particularly interest- 
ing in this respect because they can divide 
so that one of the two resulting cells remains 
an undifferentiated stem cell while the other 
becomes a differentiated cell type. It has long 
been thought that such asymmetric cell divi- 
sion may reflect an underlying asymmetry 
in the segregation of a cellular component at 
division; the asymmetrically inherited com- 
ponent would have properties that allow it to 
control the fate of its recipient cell. In this issue 
(page 947), Wang et al.' present evidence that 
the centrosome, a multifunctional organelle 
that is common to all animal cells, might be 
such a determinant. 

The centrosome is an ancient organelle’ and 
is one of the cell structures that distinguishes 
eukaryotic cells (animal and plant cells) from 
prokaryotes (bacteria and archaea). It helps 
to form the microtubule cytoskeleton, a net- 
work of protein filaments that serve as tracks 
for moving cellular cargo. It also organizes 
the primary cilium, a whip-like structure that 
extends from the surface of cells. In most cells 
the primary cilium is non-motile, in contrast 
to the beating cilium of sperm cells, but it is 
responsive to chemical and mechanical signals 
outside the cell. For more than a century, the 
main function of the centrosome was thought 
to be organization of the mitotic spindle — the 
filamentous network that carries out the segre- 
gation of chromosomes at cell division. But it 
is now clear that the spindle can form without 
the centrosome, and that formation of a cilium 
is actually the centrosome’s essential function’. 
This revelation is particularly exciting because 
it has coincided with the recognition that the 
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primary cilium is a key signalling centre in 
vertebrate organisms, thereby placing it, 
and the centrosome, in the thick of important 
regulatory processes’. 

Each centrosome consists of a pair of cylin- 
drical centrioles and associated microtubule- 
organizing material. The two centrioles in 
a pair usually lie in close association at right 
angles to each other. One centriole, the mother, 
has structural appendages that confer the abil- 
ity to anchor microtubules and to organize a 
cilium; the other centriole, the daughter, lacks 
these appendages. 

The centrosome duplicates once during the 
cell cycle, and it derives an intrinsic asymmetry 
from its mechanism of duplication. Centriole 
duplication is initiated by disengagement of the 
centriole pair at the end of mitosis, followed 
in S phase (the phase of DNA synthesis) by 
assembly of two new daughter centrioles, each 
adjacent to one of the existing centrioles. This 
pattern of duplication and segregation results 
in an age difference in the two centrosomes 
that are segregated to sister cells at division. 
One sister cell receives a centrosome contain- 
ing a newly minted mother centriole (one that 
wasa daughter centriole before duplication and 
cell division), and the other sister cell receives 
a centrosome containing the older mother 
centriole. 

Might there be a correlation between the 
asymmetric fates of dividing stem cells and 
differences in the age of the centrioles inher- 
ited at cell division? Wang et al.' addressed 
this question by studying the asymmetric divi- 
sions of radial glial cells, a type of neural stem 
cell that is important for the development of 
the mammalian cerebral cortex. These cells 
are highly polarized, stretching between the 
epithelial surface of the cerebral ventricles 
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50 YEARS AGO 

In his presidential address to 
the British Association at York 
on September 2, Sir James 
Gray pleaded strongly for a 
wider outlook in the teaching of 
science and stressed the need 
for a considered judgment as 

to the proportion of our total 
educational effort which should 
be devoted to the training of 
scientists and technicians 

— upon whom we depend 

for maintaining or extending 
our standard of living — and 
the proportion which should 

be expended on raising the 
intellectual standards whereby 
the bulk of the population 
forms its judgments on 

matters which are susceptible 
to personal prejudice or 
political propaganda. Sir James 
recognized the implications 

of Dr. Trenaman's inquiry into 
the impact of the mass media 
and maintained that the key to 
the problem lies in the schools. 
The responsibility resting on 
secondary school teachers is not 
easily exaggerated, and Sir James 
pointed out that really inspired 
teachers, working with adequate 
but simple equipment, would 
achieve far more for general 
education than specialists in 
highly equipped laboratories. 
From Nature 17 October 1959. 


100 YEARS AGO 

The British School of 
Archaeology at Athens has made 
further important discoveries 
onthe site of the city of Sparta. 
The great temple of Artemis 
Orthia has been now completely 
cleared. The site known as 

the Menelaion, at Therapne, 
about two miles south-east 

of Sparta, has been partially 
examined. The sanctuary of 
Menelaus and Helen, mentioned 
by Herodotus, Livy, Pausanias, 
and Polybius, was a favourite 
resort of the Spartan ladies, 
where the goddess was believed 
to confer the gift of beauty on 
her worshippers. The discovery 
of Mycenaean remains on this 
site suggests that this was the 
famous palace of Menelaus. 
From Nature 14 October 1909. 


and the adjoining layer of cells. The nucleus 
in these elongated radial glial cells moves up 
and down during the cell-division cycle, with 
mitosis occurring at the apical end, adjacent to 
the ventricle. After division, one cell remains 
a radial glial cell while the other differentiates 
into a neuron or a neuronal precursor that 
migrates away from the ventricular zone. 

When Wang et al. labelled the centrioles in 
developing mouse brain with fluorescently 
tagged proteins, they found that the older 
mother centriole was preferentially inherited 
by the cell that retained the stem-cell fate. To 
test whether this pattern is important for stem- 
cell function, they used RNA interference to 
remove the protein ninein, a component of the 
centriolar appendages required for mother- 
centriole functions. Strikingly, when ninein 
was removed, centriole asymmetry was lost, 
and the pool of stem cells became depleted, 
suggesting that inheritance of the older mother 
centriole is crucial for maintaining stem-cell 
fate in radial glial cells. 

How does the older mother centriole specify 
stem-cell fate after cell division? On the basis 
of the properties of centrioles, I consider three 
possibilities. First, the mother centriole initi- 
ates the formation of a primary cilium at the 
beginning of the cell cycle in most cells. A 
recent report” indicates that the cell that inher- 
its the older mother centriole usually projects 
a cilium before its sister, and that the sister cell 
thus differs in its response to signals mediated 
by the cilium. Such a temporal difference in 
receptiveness to external differentiation signals 
might result in a cell-fate difference in recently 
divided cells. 

A second possibility is that the older and 
newer mother centrioles differ in their com- 
plement of anchored microtubules during the 
cell cycle before division. As anchored micro- 
tubules can serve as tracks on which to move 
components towards the centrosome, the older 
mother centriole might accumulate proteins® 
or RNA’ that influence cell fate after division. 
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Last, it has been proposed that stem cells are 
maintained by asymmetric segregation of a 
set of ‘stem’ chromosomes, all of a similar repli- 
cative age®. Such asymmetric chromosome 
segregation is at odds with the known mecha- 
nisms of mitosis, but has been observed in 
some types of mammalian stem-cell division’. 
Perhaps the older mother centriole maintains 
a connection to the chromosomes (the nuclear 
envelope notwithstanding) from one mitosis, 
through interphase to the next mitosis, allowing 
all similarly aged sister chromatids (the copies 
of a replicated chromosome) to segregate 
together. 

Possibly the most exciting result from Wang 
and colleagues’ work’ is that their findings are 
remarkably similar to those of studies’? of 
male germline stem cells in the fruitfly Dros- 
ophila melanogaster. In that system, the older 
centrosome also stays in the stem cell, and this 
asymmetric segregation is part of a stereotyped 
division choreographed by signals from the 
stem-cell niche. We can hope that a unifying 
mechanistic principle of differentiation will be 
revealed by future experiments investigating 
this remarkable organelle and its behaviour 
during division. a 
Tim Stearns is in the Department of Biology, 
Stanford University, and the Department of 
Genetics, Stanford School of Medicine, 

Stanford University, California 94305, USA. 
e-mail: stearns@stanford.edu 
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Quasicrystals from nanocrystals 


Alfons van Blaaderen 


Quasicrystals have a host of unusual physical properties. These 
intermediates between amorphous solids and regular crystalline materials 
can now be made to self-assemble from nanoparticles. 


The discovery of quasicrystals about 25 years 
ago’ brought about a paradigm shift in 
solid-state physics. The observation that the 
arrangement of atoms in these solids exhibited 
long-range order yet lacked the three-dimen- 
sional periodicity and translational symmetry 
that characterizes conventional crystals puz- 
zled physicists*° — not least because certain 
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‘forbidder’ rotational symmetries occur in 
these materials. Initially discovered in certain 
exotic metal alloys, quasicrystals were later 
found in more common mixtures of elements 
and even in soft matter’: liquid crystals, sur- 
factants and polymers. Adding to this grow- 
ing list, Talapin et al.° (page 964 of this issue) 
now report that binary colloidal nanoparticle 
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Figure 1| Binary colloidal quasicrystal. Talapin and colleagues’ demonstrate self-assembly of a binary 
quasicrystal that involves a mixture of two types of nanoparticle: 13.4-nm Fe,O, and 5-nm gold 
colloidal spheres. a, Transmission electron microscopy (TEM) image of the quasicrystal. b, Square- 
triangular tiling overlaid onto the TEM image. A structural defect (“D’) is visible. (Scale bars, 20 nm.) 


systems, involving mixtures of two kinds of 
nanocrystal, self-assemble with quasicrystalline 
order. 

Talapin and colleagues’ colloidal quasicrys- 
tal self-assemblies are dodecagonal — that is, 
they display a 12-fold ‘forbidden’ rotational 
symmetry (a rotation about a particular axis 
by an angle 360°/12 does not change the mate- 
rial’s scattering pattern). The assemblies are 
aperiodic in a certain plane but periodic in the 
direction perpendicular to this plane. Larger, 
micrometre-sized colloidal particles had 
already been reported to arrange in a decago- 
nal (ten-fold) quasicrystalline pattern, but this 
was achieved by using laser beams and forcing 
them to form an interference pattern that con- 
ferred the desired symmetry on the system’. 

Many of the unique properties of quasi- 
crystals — hardness, low thermal conductivity, 
low friction and remarkable electronic prop- 
erties (such as strong anisotropy in electronic 
transport) — have to do with the interplay 
between short-range and long-range order in 
these materials. The short-range order mainly 
refers to recurrent structural building units, 
and the long-range order to how these units 
are arranged in patterns that never repeat 
themselves. This interplay makes it hard for 


Figure 2 | Icosahedral quasicrystals. Scanning 
electron microscopy image” of quasicrystal 
isocahedra (20-faced regular polyhedra 
displaying five-fold rotational symmetry) formed 
from composite silica spheres (not shown) about 
30 nm across. (Scale bar, 2 um.) 


conventional methods to reconstruct the three- 
dimensional structure of quasicrystals from 
their diffraction patterns, although the qual- 
ity of some of the quasicrystalline diffraction 
data is as good as the best obtained for periodic 
crystals. The interplay is also responsible for 
the lack of positional atomic data of high qual- 
ity. Finally, it is at the root of the debate about 
the mechanisms that underlie the growth and 
stabilization of quasicrystals. All this despite 
the fact that the number of research papers on 
quasicrystals is running towards 10,000. 

In their experiment, Talapin and colleagues® 
used nanoparticles that are large enough 
to show up clearly in transmission electron 
micrographs (Fig. 1) but sufficiently small to be 
considered ‘designer atoms, or ‘quantum dots: 
In binary arrangements of quantum dots, the 
collective quantum behaviour of the interacting 
particles can give rise to novel ‘metamaterial’ 
properties. For example, a regular arrangement 
of two sets of different-sized semiconducting 
nanoparticles has been shown to create a new 
kind of semiconductor*. Combining the prop- 
erties of such binary metamaterials with those 
of quasicrystals would no doubt lead to new 
opportunities in materials design. 

Talapin et al. resorted to projection trans- 
mission electron microscopy, which led, for 
instance, to the clear identification of a struc- 
tural defect (Fig. 1). However, the use of trans- 
mission electron microscopy tomography 
on several periodic binary-crystal structures 
made of similar nanoparticles has previously 
succeeded in determining the three-dimen- 
sional particle locations’. Application of this 
technique to the dodecagonal quasicrystal 
structures studied by Talapin and colleagues 
would allow a full, three-dimensional charac- 
terization of the materials, and could provide 
insight into how these quasicrystals grow. 

The authors’ observed that several different 
binary mixtures of nanoparticles (involving 
metals, magnetic materials and semiconduc- 
tors), whose only common trait is a particle- 
size ratio of 0.43, self-assembled into the 
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same type of quasicrystal. This observation is 
important both for unravelling some of the 
many mysteries associated with this type of 
aperiodic crystal and for our ability to design 
and fabricate novel materials. Most likely, it 
means that there is no strict requirement for 
a specific inter-particle interaction, allowing 
quasicrystal self-assemblies of many combi- 
nations of materials and, possibly, of (much) 
larger colloidal particles. 

In fact, the formation of icosahedral quasi- 
crystals (Fig. 2) made up of silica-coated sur- 
factant spheres about 30 nanometres across, 
twice the size of Talapin and colleagues’ largest 
nanoparticles, has already been reported” — 
although the authors do not actually identify 
them as quasicrystals. The central part of the 
underlying formation mechanism, if correct, 
is that the surfactant/silica composite spheres 
form before the quasicrystal self-assembles. 
The size of the beautiful quasicrystal icosa- 
hedra formed, roughly 2 micrometres across, 
is within the colloidal length-scale regime, 
leading one to daydream that these icosa- 
hedra themselves might be made to self- 
assemble on yet another level of order. The 
sequence of structural order at which matter 
could be arranged would then range from an 
amorphous glass to an aperiodic quasicrystal- 
line solid made of nanoparticles, to finally a 
periodic structure made of micrometre-sized 
particles. 

Lastly, quasicrystals could provide the means 
to the development of photonic quasicrys- 
tals by self-assembly. These materials differ 
from photonic crystals — materials specially 
engineered to trap and guide light — in the 
quasiperiodicity and forbidden symmetries of 
their crystal structures. These differences could 
make photonic quasicrystals outperform their 
conventional analogues. A photonic band gap 
— the forbidden energy range of photon prop- 
agation that characterizes photonic crystals 
— in the microwave regime has already been 
demonstrated for quasicrystalline structures 
made by lithography". The development of 
photonic quasicrystals by self-assembly may 
well be within reach. a 
Alfons van Blaaderen is in the Debye Institute 
for Nanomaterials Science, Utrecht University, 
3582 CC Utrecht, the Netherlands. 
e-mail: a.vanblaaderen@uu.nl 
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Norman E. Borlaug (1914-2009) 


Plant scientist who transformed global food production. 


“More than any other single person of this 
age, he has helped provide bread for a hungry 
world. We have made this choice in the hope 
that providing bread will also give the world 
peace.” These were the words of the Nobel 
committee when presenting the 1970 Peace 
Prize to Norman Borlaug. Borlaug died 

on 12 September. His brilliance as a plant 
breeder, and life-long dedication to taking 
scientific innovations to farmers without 
delay, were driving forces behind what came 
to be known as the Green Revolution. 

He was born on 25 March 1914, and his 
upbringing on an Iowa farm and experience 
of hardship during the early 1930s gave 
him a first-hand view of the ills of low 
farm productivity, poverty and hunger. 

After completing his PhD degree in plant 
pathology at the University of Minnesota in 
1942, he joined the Rockefeller Foundation’s 
agricultural programme in Mexico, which 

led to the birth of the International Maize and 
Wheat Improvement Center (CIMMYT). 
There he began his work with wheat, with 
special emphasis on controlling the fungal 
diseases called rusts. He introduced a multi- 
pronged approach, including the development 
of composite varieties of wheat characterized 
by phenotypic identity but genotypic diversity 
in resisting different species of the pathogen. 

Drawing on the availability of the Norin 10 
dwarfing gene from Japan, in 1953 Borlaug 
launched a programme to breed semi- 
dwarf, high-yielding varieties of wheat that 
responded well to irrigation and fertilizer 
application. Traditional wheat varieties are 
tall, and tend to topple over if grown in highly 
fertile soil. Conditions for good crop growth 
are also conducive to the spread of pathogens, 
however, so he intensified his research on 
combining high yield potential with disease 
resistance. 

Borlaug decided to adopt a ‘shuttle’ 
programme that involved growing different 
generations (F,, F, and so on) under two 
diverse conditions — a summer crop in 
the cooler highlands near Mexico City and 
a winter crop in the warmer conditions of 
Sonora in northwest Mexico. This procedure 
led to the breeding of semi-dwarf, disease- 
resistant wheat strains with broad adaptation, 
such as Sonora 63, Sonora 64, Lerma Rojo 
64 and Mayo 64. These were varieties with a 
yield potential of 5-6 tonnes per hectare that 
in the 1960s transformed wheat productivity 
in Mexico, then in India and Pakistan. 

In 1966, in a strategy supported by 
Borlaug, India imported 18,000 tonnes of 
seeds of Lerma Rojo 64-A and a few other 
varieties from Mexico. The result was a 
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jump in wheat production from 12 million 
tonnes in 1965 to 17 million tonnes in 1968. 
Similar results were obtained in rice, asa 
result of the introduction of the Dee-gee- 
woo-gen dwarfing gene from China into tall 
varieties of indica rice at the International 
Rice Research Institute in the Philippines. 
This Green Revolution, a term coined in 1968 
by William Gaud, remains an astonishing 
phenomenon that not only boosts 
productivity but also saves land resources. 
For example, in 2009 India produced 

80 million tonnes of wheat from 26 million 
hectares of land. At pre-Green Revolution 
yield levels, 80 million hectares would have 
been needed. 

Africa, however, did not witness the 
same success. Beginning in 1986, Borlaug 
organized a programme known as Sasakawa- 
Global 2000, in which numerous small-scale 
farmers were helped to double and triple 
their yield of maize (corn), rice, sorghum, 
millet, wheat, cassava and grain legumes. 
Unfortunately, the spectacular results in 
demonstration plots were not reflected at the 
national level owing to the lack of effective 
systems of irrigation, roads, seed production, 
remunerative marketing and other elements 
of infrastructure. 

In 1984, Borlaug accepted a part-time 
professorship at Texas A&M University, where 
for more than 15 years he taught a graduate 
course in international agriculture. Aware of 
the lack of recognition for scientists working in 
food and agriculture, he had the World Food 
Prize established in 1986, which he hoped 
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would come to be regarded as the Nobel prize 
for these subjects. Throughout his career, 

he devoted time to training young scholars 
and researchers. This led him to promote the 
World Food Prize Youth Institute programme, 
which helps high-school students to work in 
other countries, a life-changing experience 

for them. 

Borlaug’s seminal research involved 
traditional breeding methods, but he was a 
great supporter of biotechnology research, 
including the use of recombinant DNA 
technology. He believed firmly in exploiting 
the new opportunities for creating novel 
genetic combinations to meet the challenges 
arising from climate change. He was also an 
advocate of ‘public good’ research, and argued 
for the free exchange of genetic material and 
the continuous development of germ plasm 
by approaches such as hybridization between 
winter and spring wheats. In 2006, the 
Norman Borlaug Institute for International 
Agriculture was set up at Texas A&M to 
promote science-based solutions for the 
challenges facing global agriculture. 

Norman Borlaug was a remarkable man 
who was supported by a remarkable woman, 
his wife Margaret, who died in 2007. To my 
mind she is the unsung heroine of the Green 
Revolution: without her unwavering support, 
Borlaug might not have accomplished nearly 
so much in his long and demanding career. 
He is survived by a daughter and a son. 

Towards the end of his life, he received 
two especially notable honours. In 2004, to 
mark his youthful prowess as a wrestler, he 
was inducted into the Iowa Wrestling Hall 
of Fame. And in 2007 he was awarded the 
Congressional Gold Medal. On that occasion 
he pointed out that between the years 1960 
and 2000 the proportion of “the world’s 
people who felt hunger during some portion 
of the year” had fallen from perhaps 60% 
to about 14%. The latter figure, he went on, 
still “translates to 850 million men, women 
and children who lack sufficient calories and 
protein to grow strong and healthy bodies’, 
and that “the battle to ensure food security 
for hundreds of millions of miserably poor 
people is far from won’. This is the unfinished 
task that Norman Borlaug leaves to scientists 
and political leaders worldwide. 

M. S. Swaminathan 
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Research Foundation, Third Cross Street, 
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Alzheimer's disease 


Lennart Mucke 


The neurodegenerative disorder Alzheimer's disease is becoming more prevalent in ageing populations 
worldwide. The identification of effective treatments will require a better understanding of the 
physiological mechanisms involved, and innovative approaches to drug development and evaluation. 


Lots of people are forgetful. Are 

there any particular warning signs 

of Alzheimer's disease? 

Most people's memory declines a little with 
age, so the line between normal age-related 
forgetfulness and the earliest signs of Alzhe- 
imer’s disease (AD) can be fine — so fine that 
a category of ‘mild cognitive impairment; 
or MCI, has been created, in part to avoid 
diagnosing AD in people with more benign 
memory impairments. However, many people 
with MCI progress to AD. Typically, AD shows 
itself as a gradual loss of episodic memory (for 
instance, forgetting that a conversation took 
place the day before). This is often more appar- 
ent to others than to the patient. But AD can 
also present as word-finding difficulties, get- 
ting lost in familiar neighbourhoods, or more 
complex behavioural changes, sometimes 
brought on suddenly by a change in environ- 
ment (such as hospitalization). 


How is AD diagnosed? 

Diagnosing AD with 100% certainty requires a 
detailed post-mortem microscopic examination 
of the brain. But nowadays, AD can be diag- 
nosed with more than 95% accuracy in living 
patients by using a combination of tools. These 
include taking a careful history from patients 
and their families, and assessing cognitive func- 
tion by neuropsychological tests. Other causes of 
dementia must be ruled out, such as low thyroid 
function, vitamin deficiencies, infections, cancer 
and depression. It’s also crucial to differentiate 
AD from other neurodegenerative dementias, 
including frontotemporal dementia, Lewy-body 
dementia and Creutzfeldt—Jakob disease. Brain 
imaging and tests of cerebrospinal fluid (CSF) 
can help to distinguish AD from these condi- 
tions. Patients with AD typically show shrink- 
age of brain regions involved in learning and 
memory on magnetic resonance images, as well 
as decreased glucose metabolism and increased 
uptake of radioligands that detect abnormal 
protein deposits (amyloid) on positron emis- 
sion tomography scans. CSF abnormalities 
include low levels of amyloid-f (AB) peptides 
and increased levels of the protein tau. 
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Figure 1 | Some key players in the pathogenesis of AD. Aggregation and accumulation of amyloid-f (Af) 
in the brain may result from increased neuronal production of Af, decreased activity of AB-degrading 
enzymes, or alterations in transport processes that shuttle AB across the blood-brain barrier. AB 
oligomers impair synaptic functions, whereas fibrillar amyloid plaques displace and distort neuronal 
processes. Af oligomers interact with cell-surface membranes and receptors, altering signal-transduction 
cascades, changing neuronal activities and triggering the release of neurotoxic mediators by microglia 
(resident immune cells). Vascular abnormalities impair the supply of nutrients and removal of metabolic 
by-products, cause microinfarcts and promote the activation of astrocytes (not shown) and microglia. The 
lipid-carrier protein apoE4 increases AB production and impairs Af clearance. When produced within 
stressed neurons, apoF4 is cleaved into neurotoxic fragments that destabilize the cytoskeleton and, like 
intracellular Af, impair mitochondrial functions. The proteins tau and a-synuclein can also self-assemble 
into pathogenic oligomers and can form larger intra-neuronal aggregates, displacing vital intracellular 
organelles. (Modified from E. D. Roberson and L. Mucke Science 314, 781-784; 2006.) 


How big a problem is the disease? 

Very big — in large part because people are 
living longer, and ageing is a major risk fac- 
tor. The Alzheimer’s Association estimates 
that, without better ways to prevent the dis- 
ease, the number of people with AD could 
rise from around 5 million in the United 
States today to between 11 million and 16 mil- 
lion, and from about 26 million to more than 
100 million worldwide, by 2050. This could 
severely strain health-care systems because the 
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disease is so persistent, disabling and costly. 


Whatare the causes of AD? 

There are many. A lot of evidence suggests that 
neurodegenerative diseases, including AD, stem 
from the abnormal accumulation of harmful 
proteins in the nervous system (Fig. 1). In AD, 
these include AB peptides, the lipid-carrier pro- 
tein apolipoprotein E (apoE), the microtubule- 
associated protein tau, and the presynaptic 
protein a-synuclein, which is also involved in 
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Figure 2 | The challenge of finding AD biomarkers. 
Two normal controls (top and bottom rows) and 
an age-matched AD patient (middle row) were 
given an intravenous injection of the radioligand 
PIB, which binds to fibrillar AB deposits. PIB 
retention in the brain is detected by positron 
emission tomography. Low levels of PIB binding 
(cooler colours) are seen in most cognitively 
normal people (top) and high levels of PIB 
binding (warmer colours) in people with AD 
(middle). But some cognitively normal people 
also have high levels of PIB binding (bottom), 
suggesting that the presence of amyloid plaques is 
not sufficient to cause cognitive deficits. Whether 
cognitively normal people with high levels of PIB 
binding will develop AD later on is unknown. 
Images courtesy of Gil Rabinovici (University of 
California, San Francisco) and William Jagust 
(Lawrence Berkeley National Laboratory). 


Parkinson's disease. All of us make Af peptide in 
the brain and other organs — it’s released from 
the amyloid precursor protein (APP) after cleav- 
age by B-secretase and y-secretase enzymes. But 
Af is usually quickly removed from our brains 
by clearance mechanisms. When its concentra- 
tion is increased by overproduction or defective 
clearance, Af self-aggregates into assemblies 
ranging from oligomers to protofibrils, fibrils 
and amyloid plaques. Tau and a-synuclein can 
also self-aggregate into oligomers and into 
larger inclusions in neurons, known as neuro- 
fibrillary tangles and Lewy bodies, respectively. 
By definition, all patients with AD have many 
plaques and tangles; most patients also have 
Lewy bodies. 


How do these changes cause cognitive 
decline? 

This is a hotly debated issue. Most probably, 
Af and tau cause faulty neural-network activ- 
ity and impair synapses between neurons that 
form and maintain microcircuits supporting 
learning, memory and other cognitive func- 
tions. Ultimately, vulnerable groups of neurons 
atrophy and die in a process that may involve 
excitotoxicity (overstimulation of neurotrans- 
mitter receptors on neuronal surface mem- 
branes), collapse of calcium homeostasis, 
inflammation, and depletion of energy and 
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growth factors. A form of apolipoprotein E, 
apoE4, contributes to the abnormal accumula- 
tion of AB and tau, but probably also damages 
mitochondria and the cellular cytoskeleton. 
AB, tau, apoE and a-synuclein interact with 
many other molecules and modulate diverse 
signalling cascades that regulate neuronal 
activity and survival. Genetically modified 
rodents and other experimental models are 
being used to tease out this complexity and 
to determine which biochemical cascades 
have the greatest impact on the initiation and 
progression of the disease. 


Can AD be inherited? 

Yes. A small number of patients (probably 
fewer than 1%) have early-onset AD because 
they have inherited autosomal dominant muta- 
tions in genes whose protein products — APP, 
presenilin 1 (PS1) or PS2 — are involved in the 
production of AB peptides. Presenilin is the 
enzymatic centre of the y-secretase complex. 
The most powerful genetic risk factor for the 
more common forms of AD is the APOE ¢4 
gene, which encodes the apoE4 lipid carrier. 
The more common apoE3 and the rare apoE2 
forms of apoE are relatively protective against 
AD. More than 60% of Caucasian patients 
with AD carry at least one APOE ¢€4 gene. 
Certain variants of genes encoding another 
lipid carrier, clusterin (apoJ), the intracellular 
trafficking protein PICALM, or complement 
component (3b/4b) receptor 1 also modu- 
late AD risk, possibly by affecting AB levels, 
synaptic functions or inflammation. 


What about non-genetic causes? 

The risk of AD may be increased by a low level 
of education, severe head injury, cerebrovascu- 
lar disease, diabetes and obesity. But it remains 
uncertain whether avoiding these risk factors 
can significantly lower one’s chances of getting 
the disease, especially in people with genetic 
risks for AD. It is likely that AD-predisposing 
genes interact with other disease genes and 
environmental factors. An otherwise healthy 
person may get AD early in life simply because 
they've inherited an aggressive PS1 mutation. 
Another may get AD because they've inherited 
two APOE ¢4 genes, and yet another because 
they’ve inherited one or more minor risk genes, 
but are also overweight and diabetic. 


What has ageing got to do with it? 

Ageing is the most important risk factor for 
AD. Even aggressive autosomal dominant AD 
mutations typically don’t lead to obvious defi- 
cits until the fourth or fifth decade of life. Sev- 
eral mechanisms may protect the young brain 
against AD, including higher levels of growth 
factors, better energy metabolism and more 
efficient mechanisms for clearing misfolded 
proteins and repairing cells. Failure of these 
protective mechanisms may contribute to the 
development of AD. Ageing also increases the 
prevalence of obesity, diabetes and athero- 
sclerosis, which may promote AD through 


© 2009 Macmillan Publishers Limited. All rights reserved 


metabolic or vascular mechanisms. Inflamma- 
tion could be the common denominator here, 
as the inflammatory activity of immune cells, 
particularly macrophages and microglia, and 
of astrocytes, increases with ageing. Some of 
these activities are probably beneficial, whereas 
others may promote or allow the development 
of ageing-related disorders such as AD. 


Are there any available treatments? 
Medicines currently prescribed for AD fall 
into three groups: inhibitors of acetylcho- 
linesterase; an antagonist of a receptor for the 
neurotransmitter glutamate; and drugs from 
the psychiatric toolbox to control depression 
and behavioural abnormalities. The neuro- 
transmitter acetylcholine is depleted in AD 
brains, and inhibition of acetylcholineste- 
rase, its degrading enzyme, aims to improve 
cholinergic neurotransmission. Excitotoxic- 
ity resulting from overstimulation of NMDA- 
type glutamate receptors may contribute to 
AD, providing a rationale for blocking these 
receptors. Several clinical trials have shown 
beneficial effects for inhibitors of acetylcho- 
linesterase or NMDA receptors, although the 
benefits were typically small, and these drugs 
don't seem to arrest or reverse AD. 


How about diet and lifestyle changes? 
It’s often suggested that adopting a healthy 
diet and lifestyle to avoid high cholesterol and 
high blood pressure may help because of the 
potential contribution of vascular disease to 
AD. Regular physical exercise also increases 
growth factors in memory centres of the brain. 
Social engagement and mental activity have 
also been linked to lower AD risk in epidemi- 
ological studies. In mouse models, increased 
activity and environmental enrichment pre- 
vent or delay the development of AD-like 
signs. But the control groups in many of these 
mouse studies were kept in rather impover- 
ished conditions, which may have exaggerated 
the benefits of the ‘enriched’ conditions. 


Are there any other treatment options? 
In my opinion, one of the most productive 
things to do is for patients and their relatives to 
enrol in carefully controlled prospective clinical 
trials. There is an urgent need to increase the 
proportion of patients with AD and of healthy 
elderly people who participate in these trials. 
By contrast, dietary fads and unproven over- 
the-counter drugs and herbs should be discour- 
aged. The claims to fame for these compounds 
are notoriously transient. They've also added a 
troublesome burden of confounding variables 
(‘noise’) among trial subjects and complicate the 
task of designing informative clinical trials. 


Why have so many drug trials failed? 

For several reasons. In some cases, the trial 
may reveal that the drug target does not have a 
crucial pathogenic role. In other cases, the drug 
may block a truly pathogenic pathway, but the 
overall impact may be negligible because other 
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branches of the multifactorial pathogenic cas- 
cade are untouched. For example, in a recent 
trial of an anti-AB agent, APOE e4 gene carriers 
had more side effects and may have benefited 
less than non-carriers. Assessing whether the 
drug affects the most relevant target can also 
be challenging. Considerable evidence suggests 
that small AB oligomers cause more damage 
to synaptic and cognitive functions than larger 
amyloid plaques. Plaque loads can be estimated 
by radiological imaging, but brain levels of AB 
oligomers can't be reliably measured in living 
patients, making it unclear whether anti-AB 
treatments in clinical trials actually lower levels 
of the harmful AB oligomers. Treatment failure 
may also be the result of ‘too little, too late. AD 
probably develops insidiously over many years, 
if not decades. Some of my colleagues believe 
that even so-called early clinical stages of AD 
reflect advanced-stage brain failure that may 
be impossible to reverse. 


Is there any chance of disease reversal? 
This depends, in part, on the ‘plasticity’ of the 
brain, which is much greater than that of other 
organs, although AD-associated factors such 
as AB and apoE4 may impair these adaptive 
mechanisms, adding insult to injury. The flip 
side of this coin is that removing these factors 
might unleash powerful repair mechanisms 
that could fix or help circumvent broken neu- 
ral circuits so that functional recovery may be 
possible. Many people have shown an impres- 
sive recovery of neurological functions after 
extensive loss of nerve cells from other causes. 
The test will be to see if the AD-damaged brain 
is capable of similar feats when all inhibitors of 
effective regeneration have been eliminated. 


Is stem-cell therapy an option? 

The idea behind using stem cells is that these 
cells might be used to replace destroyed neu- 
rons. But AD poses particular challenges in this 
regard, as it affects diverse types of neuron in 
different brain regions. For now, it’s unclear if 
stem cells can be induced to differentiate into 
all these cell types and if the resulting neurons 
would effectively integrate into broken circuits, 
particularly in a hostile environment full of 
harmful proteins and inflammatory mediators. 
Again, regeneration and repair might be assisted 
by removing these hostile factors. Where stem 
cells could yield more immediate rewards is as 
models for studying the heterogeneity of AD. It 
is now possible to establish pluripotent stem-cell 
lines from skin cells of individual patients and 
to differentiate them into neurons or other brain 
cells. Comparing these cellular models might 
lead to the identification of patient-specific 
pathogenic pathways and modifier genes. 


And prevention — is this feasible? 

Preventative treatments would probably have 
to be started years, if not decades, before the 
first symptoms of AD appear. Treating people 
for such long periods would require drugs with 
minimal side effects and the ability to identify 


TABLE 1| ONGOING CLINICAL TRIALS FOR TREATING ALZHEIMER'S DISEASE 


Approach or drug Proposed mechanism of action Phase 
B-Secretase inhibition Decreases formation of AB from amyloid precursor protein | 
y-Secretase inhibition Decreases formation of AB from amyloid precursor protein HZII 


Active immunization with AB 
peptides 


Generates anti-AB antibodies that interact with AB andremoveit | | 
from the brain by uncertain downstream mechanisms 


Passive immunization with 
anti-AB antibodies 


The antibodies interact with AB and remove it from the brain by Ill 
uncertain downstream mechanisms 


Intravenous pooled 
immunoglobulins 


May enhance clearance of AB and other harmful proteins from the | III 
brain; may decrease harmful inflammatory processes 


Scyllo-inositol 


Decreases formation and stability of pathogenic AB assemblies | 


Latrepirdine 


Prevents mitochondrial dysfunction ll 


Inhibition of receptor for 
advanced glycation 
end products (RAGE) 


Blocks stimulation of the cell-surface receptor RAGE, which binds | | 
AB, decreasing AB levels in the brain and preventing AB from 
activating pathogenic pathways 


Stimulation of insulin signalling 
in the brain 


Prevents hyperglycaemia; may overcome insulin resistance | 


Selective oestrogen-receptor 


modulator its harmful effects 


Promotes neuroprotective effects of oestrogen without eliciting | 


Neurotrophic and 
neuroprotective agents 


Stimulate neurotrophic and antioxidant pathways or pathways | 
that protect against excitotoxicity 


The above selection focuses on potentially disease-modifying strategies and is based on a review of websites, oral reports at scientific 
meetings, and discussions with Paul Aisen (University of California, San Diego) and Laurie Ryan (National Institute on Aging). 


Phase Il and phase III trials assess the safety and efficacy of new treatments; phase III trials involve many more subjects, are conducted in 
multiple centres, and are required for drug approval by regulatory agencies. 


people with significant risk factors early on. We 
still do not have reliable early biomarkers for 
AD, although progress has been made (Fig. 2). 
An Alzheimer’s Disease Neuroimaging Initiative 
is under way to determine if measuring changes 
in brain volume over time, glucose metabolism 
and amyloid deposition in the brain, and levels 
of AB and tau in the CSE, can identify people 
at high risk of developing the disease. Pro- 
teomics profiling of blood plasma has yielded 
protein ‘fingerprints’ that might be diagnostic 
and possibly even predictive of AD. Although 
whole-genome sequencing as a routine screen- 
ing method is still quite a way off, it is relatively 
straightforward to screen for the known auto- 
somal dominant AD mutations in the APP PS1 
and PS2 genes, and for the APOE ¢4 gene. 


So should everyone get genetic testing? 
This depends on many factors, including one’s 
family history, outlook on life and the desire 
to secure certain types of insurance. If early- 
onset AD runs in the family and one is con- 
templating having children, genetic testing 
for autosomal dominant AD mutations may 
be appropriate. In general, genetic testing 
for AD should be undertaken only with the 
advice of a physician and a genetic counsellor 
who are experienced in helping people weigh 
up all the risks and benefits. Many clinicians 
advise against genotyping for APOE 4 and 
other susceptibility genes because these genes 
are primarily risk factors, and some carriers 
never develop AD. The lack of established pre- 
ventative treatments also diminishes the value 
of knowing one’s risks, although greater public 
awareness of AD risks might help to intensify 
the fight against this devastating condition. 
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Is there reason for hope? 

Indeed there is. As we gain a greater under- 
standing of the mechanisms of AD, drugs can 
be aimed at its root causes (not just at its symp- 
toms). Several drugs with disease-modifying 
potential are already in advanced clinical trials 
(Table 1), and more are in the pipeline. Large- 
scale risk-factor profiling using genomic and 
proteomic screens may make it possible to iden- 
tify subgroups of patients who stand to benefit 
from particular drugs or drug combinations. 
Zeroing in on the most responsive patient pop- 
ulations could make clinical trials more effective 
and guide long-term prevention strategies. ™ 
Lennart Mucke is at the Gladstone Institute of 
Neurological Disease and the Department of 
Neurology, University of California, 
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NEUROTECHNIQUES 


t is an exciting time to be a neuroscientist. The 
experimental landscape has changed markedly 
over the past few years, given the technological 
advances in molecular genetics, optogenetics 
and functional imaging. The focus is now shifting 
towards the application of these techniques in a 
variety of experimental systems so that their promise 
can be fulfilled. 

Neuroscience research was once dominated by 
anatomical techniques. But, with the advent of 
electrophysiology, and subsequently molecular biology, 
anatomical labelling techniques were eclipsed as the 
pre-eminent experimental strategy. Now, anatomical 
methodology is experiencing a renaissance, thanks 
to the ability to deliver molecules genetically in a 
cell-type-specific manner and as a result of advances 
in imaging methods. This powerful combination, 
together with electrophysiological techniques, now 
makes it feasible to study the relationships between 
specific neural circuits and particular behaviours in 
rodents, previously the domain of invertebrate model 
systems. However, despite the rise of new techniques, 
electrophysiology is unlikely to suffer the earlier fate 
of neuroanatomy and will remain an integral part of 
neuroscience experimentation. 

Neuroscientists are also poised to benefit from 
systems-based approaches to data collection and 
analysis but lag behind other researchers, such as 
tumour biologists, in implementing these strategies. 
Using the results from such approaches to direct 
hypothesis-driven work and improve the design of 
these experiments could be a crucial development in 
psychiatric-disease genetics, focusing efforts on key 
candidate genes in the genetic network associated with 
disease. Systems biology could also aid in attempts to 
identify specific markers of neurodegenerative diseases. 

We thank the authors and reviewers of these 
Reviews for their contributions to this Insight, which 
offers visions for tackling the next set of challenging 
neurobiological questions. 


Noah Gray, Chief Commissioning Editor 
Tanguy Chouard, Contributing Editor 
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Molecular genetics and imaging technologies 
for circuit-based neuroanatomy 


Benjamin R. Arenkiel' & Michael D. Ehlers’? 


Brain function emerges from the morphologies, spatial organization and patterns of connectivity established 
between diverse sets of neurons. Historically, the notion that neuronal structure predicts function stemmed 
from classic histological staining and neuronal tracing methods. Recent advances in molecular genetics 

and imaging technologies have begun to reveal previously unattainable details about patterns of functional 
circuit connectivity and the subcellular organization of synapses in the living brain. This sophisticated 
molecular and genetic ‘toolbox’, coupled with new methods in optical and electron microscopy, provides an 
expanding array of techniques for probing neural anatomy and function. 


Individual neurons are the elemental building blocks of the brain. 
However, understanding how neurons are ‘wired’ through synapses, 
understanding the microcircuits they form and understanding how 
those microcircuits participate in neural networks to drive percep- 
tion and behaviour remain some of biology’s major challenges. To 
unravel complex neural computations and representations fully, we 
must consider both the structure of the connections formed between 
intermingled cell types and how electrical activity propagates through 
the network to allow its dynamic function. Our understanding of 
how neuronal circuits produce sensory perception, memory and 
behaviour remains nascent. In most cases, it is far from clear how 
brain functions emerge from existing circuit diagrams. Bridging this 
conceptual divide requires knowledge across several scales, ranging 
from cell-type-specific genetic identity and population-level network 
connectivity to the function and dynamics of individual synapses and 
circuit output. 

The study of neuroanatomy in the twenty-first century is being 
rekindled by the merger of molecular and genetic manipulations aimed at 
probing circuit function using gene expression profiling, high-resolution 
imaging and electrophysiology. In addition, endeavours are underway 
to build high-resolution maps of all the neurons and their full com- 
plement of synapses in multiple model organisms (ref. 1 and the Con- 
nectome Project (http://iic.harvard.edu/research/connectome)). These 
new techniques for monitoring and manipulating circuits, neurons and 
synapses are increasing our capabilities to a degree that heralds a new era 
of functional neuroanatomy. Here we briefly trace the evolution of the 
array of technology currently available for probing neuron and circuit 
architecture. In addition, we provide a critique of current experimental 
limitations and propose future convergent methodologies to advance a 
deeper understanding of neuroanatomy. 


Resolving neuronal architecture 

With the advent of biological electron microscopy, it became possible 
to study new subcellular details of neuronal organelles and structures, 
including the organization of synaptic contacts’. Early electron micro- 
scopy circuit maps included single cells, intact invertebrate nervous 
systems, retinal assemblages and dendritic synapse maps for single 
cortical neurons in mammals*’. Recently, the power and utility of elec- 
tron microscopy have expanded with the evolution of new methods for 


collecting and reconstructing large sets of volume electron microscopy 
data®, which can reveal the fine detail of neuronal morphology and sub- 
cellular structure and provide near-molecular resolution in a native three- 
dimensional environment (Box 1). 

Complementing electron microscopy volume reconstruction, array 
tomography coupled with fluorescence imaging allows submicrometre 
investigation of individual cells or subcellular structures labelled using 
fluorescent probes’. In this technique, nanometre-scale resolution of 
molecule location in the perpendicular (z axis, or axial) direction is 
achieved by collecting ultrathin sections (50-100 nm) and then per- 
forming molecular localization using antibodies or fluorescent pro- 
teins. Array tomography is a relatively simple platform that combines 
light microscopy and electron microscopy to reveal both molecular and 
ultrastructural details of intact nervous tissue. 

The development of new methods of serial sectioning, alignment and 
computational analysis is continually increasing the speed and utility 
of electron microscopic reconstruction for investigating the ultrastruc- 
tural features of nervous tissue’. However, a major challenge of using 
electron and light microscopy to map brain connectivity is the current 
lack of the high-throughput data-mining and image-reconstruction 
approaches required to move beyond small-scale experimentation. With 
further development of technology to collect, curate and analyse high- 
resolution imaging data more rapidly*”°”’, ultrastructural analysis will 
become easier. However, this type of data does not provide dynamic 
information in real time or within living tissue. For that, optical imaging 
and genetic strategies must be used. 

The expanding field of molecular genetics now offers numerous aven- 
ues for the investigation of neuroanatomy. Advances in the creation of 
conditional knockout mice, inducible gene expression systems and genetic 
control of neuronal activity provide means to probe circuit biology with 
unprecedented precision’. The seminal discovery of genes encoding 
fluorescent proteins in marine invertebrates has allowed the expression 
of fluorescent proteins and fluorescent-protein-tagged biomolecules in 
living neurons of the mammalian brain’, providing a widening array 
of sophisticated imaging and genetic profiling techniques’. 


The molecular genetics revolution 
Neuronal populations have genetically specified identities. Classical 
definitions of neuronal cell types based on morphology or electrical 
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Box 1| Volume electron microscopy 


Current methods for volume electron microscopy rely on three- 
dimensional (3D) image reconstruction from ultrathin serial sections 
made through intact nervous tissue. Individual section planes (box 
figure, panel a) are reconstructed in the z axis to build a block of image 
planes that can be digitally navigated in all axes using image analysis 
software (box figure, panel b). 3D image reconstruction further allows 
the volumetric isolation of complete neuronal architecture, ranging 
from subcellular organelles to cell morphology’”*? (box figure, panel c). 
Serial-section transmission electron microscopy (SSTEM) was the first 
volumetric electron microscopy technique to allow the assembly of 
high-resolution circuit data and has remained the primary method of 
resolving 3D neuronal ultrastructure*“"°*”. This approach relies on the 
manual collection of ultrathin tissue sections onto grids that are imaged 
and reconstructed in series (box figure, panel d). Although SSTEM is 
often the method of choice, it is labour intensive and has limited ability to 
routinely reconstruct high-quality data sets of sections less than ~50 nm 
in thickness. 

Instead of cutting ultrathin sections that require manual collection and 
subsequent imaging, serial-block-face scanning electron microscopy 
(SBFSEM) relies on generating images from electrons that are scattered 
from the face of an embedded tissue block that undergoes repeated 
rounds of surface sectioning to reveal deeper structures” (box figure, 
panel e; progressively deeper sections are indicated using negative 
numbers). Because the images are captured from the face of the block 


properties can now be linked to, and perhaps ultimately replaced by, 
discrete patterns of gene expression. With the advancement of molecu- 
lar genetics has come the ability to query the genetic make-up of indi- 
vidual cells or entire brain regions. In the near future, such methods 
will help determine, for instance, whether neurons of a given genotype 
form stereotyped patterns of connections in the mammalian brain, or 
whether such connections result in predictable patterns of circuit func- 
tion or behavioural output. Genetically marking and manipulating cells 
in the brain now allows such issues to be addressed. Major advances 
in manipulating genetic programs in mice permit the generation of 
loss-of-function, gain-of-function and conditional mutations at will”. 
Conditional genetic strategies are already proving crucial in under- 
standing neuronal circuits. Implementation of phage-derived recom- 
bination systems such as Cre/loxP technology provides intersectional 
approaches to genetic manipulation in neurons, ranging from the 
single-cell level”! to controlling gene activity in selected brain struc- 
tures””’. However, harnessing cell-type-specific promoter activity to 
manipulate neuronal subsets precisely in the mammalian brain remains 
a challenge. Often genes that are transcribed in target neuron popu- 
lations show overlapping patterns of expression in other brain areas, 
or exhibit dynamic regulation during development that can confound 
their use in the mature brain. 


before each cut, there is no need to collect tissue, which reduces section 
thickness variability and allows the process to be automated. lon-beam 
milling of the block face for serial imaging provides an alternative to 
mechanical cutting". Although SBFSEM holds promise for streamlining 
volume electron microscopy, technical limitations have so far prevented 
its widespread use; sample quality and image resolution are still inferior to 
those possible using SSTEM®. 

A permutation of SSTEM that provides higher z-section resolution than 
microtome sectioning is that of serial-section electron tomography’ 
(SSET; box figure, panel f). In this method, subcellular structures are 
reconstructed by assembling multiple images captured from an angular 
two-dimensional-projection tilt series to generate a 3D tomogram. The 
primary benefit of this technique is that the number of sections required 
to build a high-resolution image volume is lower than that needed in 
SSTEM or SBFSEM. 

A major challenge to all of these techniques is the need for accurate 
image alignment, contour recognition, automated segmentation and error 
checking in order to assemble detailed volume sets. All current accurate 
methods require this to be done (or at least curated) manually*"°*>*°. It 
remains to be determined to what extent computational methods will 
replace manual tracing. (K. M. Harris (Univ. Texas, Austin) provided the 
raw electron microscopy data series used to generate the images used in 
panels a-c. The 3D data set was prepared for graphic representation using 
AMIRA software, Visage Imaging.) 


Alongside the ability to investigate single cells by targeted expression 
of molecular markers, large-scale efforts to map patterns of endogenous 
gene expression in the rodent brain have provided a wealth of data to the 
neuroscience community (for example the Gene Expression Nervous 
System Atlas (http://www.gensat.org) and the Allen Brain Atlas™ (http:// 
www.brain-map.org)). These open resources now make it unnecessary 
for individual labs to conduct exhaustive gene expression experiments, 
as the relevant data for nearly any neuron type or brain structure can be 
accessed through the Allen Brain Atlas (see also page 908). However, 
most expression data are still limited to healthy adult animals. More 
complete data sets that are currently being assembled by the Allen Insti- 
tute for Brain Science include those for gene expression in the develop- 
ing mouse brain, the mouse spinal cord and the human cortex. A future 
can be imagined in which the spatial and temporal patterns of all genes 
are available across the lifespans of diverse species, and in the context of 
specific mutations or disease states. 


Dissection of genetic circuits 

A basic principle of neuroscience is that information is stored and 
encoded by the properties of neurons and the connections they make 
with one another. Thus, identifying patterns of neuronal connectivity 
is required for understanding brain function. To piece together these 
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Figure 1| Viral vectors for trans-synaptic labelling. Several viruses show 
trans-synaptic spread, including pseudorabies virus (PRV) and rabies 
virus” *”*, a, PRV can be used to trace intact brain circuits differentially 
through the expression of fluorescent proteins of different colours, such 

as enhanced green fluorescent protein (EGFP) and mCherry. A drawback 
of replicating viral vectors such as PRV is that they continue to propagate 
from cell to cell, making it difficult to discern monosynaptic patterns of 
connectivity from polysynaptic. Synaptically connected neurons show viral 
spread. Red-labelled neurons represent the synaptic network associated 
with a single cell infected with PRV-mCherry, green-labelled neurons 
represent the synaptic network of a PRV-EGFP-infected cell, and blue 
neurons represent uninfected cells not associated with either network. 

b, An alternative method relies on the generation of recombinant rabies 
virus deficient in the gene encoding the G-protein coat particle, which is 
replaced by an EGFP reporter”. To target desired neuronal subsets with 
EGFP-expressing rabies virus, rabies virus particles can be pseudotyped 
with the avian leukosis virus EnvA coat protein, which specifically binds to 
avian-specific Tva-class receptors. By targeting neurons for heterologous 
Tva-receptor expression, rabies virus infection can be limited to those 
neurons that express Tva. SADAG-EGFP is the strain of rabies virus used 
for monosynaptic tracing. This viral strain has been genetically engineered 
to have the G protein deleted and replaced with an EGFP reporter. N, P, 

M and L respectively represent the viral genomic sequences encoding the 
wild-type nucleoprotein, phosphoprotein, matrix protein and polymerase 
required for rabies virus expression. ¢, A twist on this approach includes 
the introduction of plasmids that encode the Tva receptor (pTva) and the 
wild-type rabies virus G protein (pRabies-G), allowing a non-infective 
EGFP-expressing virus to specifically enter Tva-expressing cells by 
interaction with the EnvA coat protein. Once inside, the G-deleted virus 

is repackaged with G coat protein expressed from the pRabies-G plasmid, 
allowing subsequent trans-synaptic spread to presynaptic partners of Tva- 
targeted neurons”. Because only the initially infected neuron contains 

the wild-type rabies virus G protein, viral spread is halted after one round 
of monosynaptic jumping. Adding a plasmid encoding a red fluorescent 
protein (for instance pDsRed) allows the cell originally targeted for 
infection to be identified within the monosynaptic network of GFP-labelled 
cells. Yellow plus signs represent sites of monosynaptic viral transfer; red 
crosses represent polysynaptic sites that lack viral transfer owing to the 
absence of wild-type G protein. 


patterns, information describing both circuit anatomy and the flow of 
neuronal activity is essential. Several technologies have recently emerged 
that allow both trans-synaptic circuit analysis and precise control of neu- 
ronal firing’, including the use of retrogradely transported viral vec- 
tors”, optogenetic tools such as light-activated ion channels”? and 
heterologous receptor activation”, 

Advances in the engineering of viral vectors have included the develop- 
ment of neurotropic viral particles as tools to study synaptic connectivity” 
(Fig. 1). For example, engineered pseudorabies vectors can be modified 
to express fluorescent proteins and thus label interconnected neurons by 
retrograde trans-synaptic transfer of viral particles to presynaptic cells”. 
One limitation to using pseudorabies virus is its polysynaptic spread. 
Owing to the high degree of neuronal interconnectivity in intact circuits, 
polysynaptic spread makes it difficult to assign synaptically coupled part- 
ners unambiguously. Circumventing this problem, a novel coat-protein 
complementation strategy has been devised that allows monosynaptic 
tracing of neural connections by using rabies virus particles engineered 
to express green fluorescent protein”’ (GFP; Fig. 1). 

Beyond making possible a more-detailed analysis of anatomy and 
synaptic connectivity, genetic methods are now being harnessed to facilitate 
selective control of activity among populations of interconnected neurons 
in the mammalian brain. Alongside the new subdiscipline called opto- 
genetics (see page 923), efforts to develop heterologous receptor expres- 
sion systems now provide alternative and potentially non-invasive means 
to modulate neuronal activity using chemical genetic approaches. Heter- 
ologous expression of modified opiate receptors provided an initial dem- 
onstration that neuronal subsets in the brains of mice could be genetically 
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targeted for activation by synthetic, exogenous ligands™. As another 
example, mice engineered to harbour high-affinity nicotinic acetylcholine 
receptors in dopaminergic neurons show hyperdopaminergic behaviour 
on low-dose administration of nicotine*. Furthermore, conditional 
expression and activation of the rat capsaicin receptor TRPV1 in geneti- 
cally targeted subsets of neurons in the mouse brain has made it possible 
to stimulate desired neuronal populations in a conditional Cre-dependent 
manner by application of TRPV1 agonist*. Complementing these strat- 
egies has been the engineering of different families of G-protein-coupled 
receptors to respond to synthetic compounds”. 

In many applications, inhibition rather than excitation of genetically 
defined neuronal populations is desired. To this end, a number of 
methods have been developed for in vivo experimentation. One 
such model takes advantage of the sensitivity of the wild-type GABA 
(y-aminobutyric acid) receptor GABA, to the allosteric modulator 
zolpidem, which normally enhances receptor function. In this design, 
a knock-in mouse was generated that harbours both a point mutation 
in the GABA, receptor y2 subunit, making it insensitive to zolpidem, 
and flanking loxP sites, to facilitate the conditional replacement of the 
mutant gene. On Cre-mediated recombination, wild-type receptor 
activity is reinstated in genetically targeted neuronal subsets, render- 
ing those cells sensitive to pharmacological inhibition by zolpidem”. 
Orthogonal models have been used to drive neuronal hyperpolariza- 
tion and inhibit action-potential generation by heterologous expression 
of the Caenorhabditis elegans ivermectin-gated chloride channel”! or 
the Drosophila allostatin receptor, which inactivates neurons by open- 
ing G-protein-coupled inward-rectifying K* channels”. An alternative 
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Box 2 | Super-resolution imaging techniques 
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Targeted fluorophore depletion 


Super-resolution imaging techniques now enable light microscopy to 
obtain information below the diffraction limit of light. Unlike standard 
confocal imaging, which is constrained in resolution by the wavelength 
of light (A) as defined by the Abbe limit (<A/(2n sina), where nis the 
smallest refractive index in the optical path and wis one-half the angular 
aperture of a cone of light entering the lens; box figure, left-hand part of 
panel a), super-resolution imaging is capable of nanoscale resolution 
(box figure, right-hand part of panel a; scale bar, 1 um). Here we discuss 
two such techniques. 

(1) Nanoscale imaging by targeted fluorophore depletion. In STED 
microscopy, two lasers are used to generate a reduced focal volume. 
The excitation laser is used to excite a fluorescent molecule into the 
high-energy excited state, and an additional offset laser is used to deplete 
the excited state without the production of fluorescence. The optical 
configuration generates an area in which molecules may be excited but do 
not fluoresce (box figure, panel b). This is the fundamental principle that 
allows techniques such as STED microscopy”, ground-state depletion 
microscopy®, saturated pattern excitation and saturated structured- 
illumination microscopy® and reversible saturable optically linear 
fluorescence transition microscopy to image and localize molecules at 
the nanoscale. Although this technology is rapidly evolving, its common 
application is still constrained by some practical limitations. For many 
of these methods, the optics are relatively sophisticated to assemble 
or expensive to purchase, and the number of currently available 
fluorophores that can be readily used is limited and awaits development 
of new variants with different spectral properties, biophysical 
characteristics and compatibility as protein fusions. 


strategy has been to block synaptic transmission rather than induce 
hyperpolarization. Genetic expression of small molecules for inactiva- 
tion of synaptic transmission, or expression of Clostridium toxins, has 
allowed selective inactivation of targeted synapses**“. 

Each of these approaches has unique limitations. For example, con- 
trolled inhibition by ivermectin-gated chloride channels relies on the 
availability of multiple subunits whose functionality requires the appro- 
priate stoichiometry. By contrast, small-molecule-mediated inhibition 
of synapses”, which induces dimerization of genetically modified forms 
of presynaptic proteins, shows toxicity after prolonged exposure to dimer- 
izer at high concentrations. Furthermore, the use of ligands to induce 
neuronal activation requires transport across the blood-brain barrier 
and is concentration dependent. Interestingly, the mouse model system 
for genetic control of neuronal activity by conditional TRPV1 expres- 
sion may obviate some of these limitations. Multiple TRPV 1 agonists 
and antagonists with an array of different binding affinities, solubilities 
and blood-brain barrier permeabilities offer the potential for pharma- 
cogenetic manipulations of deep and dispersed neuronal populations in 
a potentially non-invasive manner. A similar advantage in blood-brain 
barrier permeability exists for compounds that activate engineered 
G-protein-coupled receptors” > 
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Repeated excitation 


Stochastic fluorophore switching 


(2) Nanoscale imaging by stochastic fluorophore switching. By broadly 
illuminating a sample while simultaneously imaging with a high-speed 
digital camera, individual fluorophore molecules that are sparsely and 
stochastically photoactivated can be imaged sequentially. Photons 
emitted from these molecules can be differentiated in space by recording 
individual on-off states and using centroid analysis®. This approach 
makes it possible to record the position of many different molecules 
from distinct coordinates, because each photoactivated molecule 
renders distinct, resolvable spots at the camera (box figure, panel c). 

This is the principle behind the techniques of photoactivated localization 
microscopy”, fluorescence photoactivation localization microscopy”, 
stochastic optical reconstruction microscopy” ', ground-state depletion 
microscopy with individual-molecule return”? and point accumulation for 
imaging in nanoscale topography”. 3D stochastic optical reconstruction 
microscopy now allows resolution approaching ten times the diffraction- 
limited value (20-30 nm)**”?, whereas further resolution (below 20 nm) 
has been gained with interferometric photoactivation localization 
microscopy™. A clear advantage of super-resolution imaging by 
stochastic fluorophore switching is its relative simplicity and the fact 

that each molecule is not forced to undergo many photoswitching 

cycles, as it is using reversible saturable optically linear fluorescence 
transition microscopy, where photobleaching is a significant issue. A 
main disadvantage is the long acquisition time required to capture the 
stochastic events of single-molecule photon emission. However, together 
these new super-resolution imaging techniques allow visualization of 
cells with a detail not previously possible. (Fluorescence images in panel a 
reproduced, with permission, from ref. 18.) 


The dynamic synapse 

The fundamental element that couples cells of the brain into a 
functional network is the synapse. The basic input-output relation- 
ship of the synapse depends on a finite number of molecular ele- 
ments, most notably the features of neurotransmitter release from 
presynaptic terminals and the number and properties of postsynaptic 
receptors. Synapses act cooperatively as ‘computational engines’ to 
sum, transform and relay input from discrete dendritic regions to 
specific neuronal outputs*’. Thus, the ability to visualize synapses, 
as well as discern and manipulate their properties, is paramount for 
understanding circuit function. 

An important and realistic goal for the foreseeable future is to move 
beyond the categorization of synapses by simply characterizing neuro- 
transmitter phenotype, and instead to define and visualize their func- 
tional states. Achieving this goal could help address fundamental issues 
concerning the properties of synaptic networks, such as determining 
how strong neighbouring synapses are relative to each other or how 
synapses function together within a given region of dendrite. Other 
parameters of categorization could include whether a synapse has a high 
ora low release probability, whether it is relatively active or mostly quiet, 
whether it is new or old and whether it has recently been potentiated or 
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Figure 2 | Conditional anatomy using the Brainbow system. Brainbow 
mice can be used to identify neuronal subsets by conditional activation 

of fluorescent reporters”. Cre-mediated recombination between loxP 
sequences is orientation dependent. If loxP sites are in the same 5’—3’ 
direction, recombination results in excision of the flanked DNA sequence. 
When loxP sites are in the opposite orientation, recombination drives 
inversion of the flanked DNA. a, A Cre-mediated excision strategy based 
on a transgenic allele containing pairs of mutated loxP sites and multiple 
fluorescent proteins (orange, OFP; red, RFP; yellow, YFP; cyan, CFP) 

to generate cells of different colours. Black, grey and white arrowheads 
represent different loxP sequence mutations. Recombination occurs 

only between mutant pairs, resulting in cells with different colour codes 
depending on the random recombination events between like pairs. The 
events labelled 1-4 correspond to patterns of fluorescent-protein expression 
shown on the right. b, A Cre-mediated inversion strategy based on an allele 
that harbours multiple loxP sites of the same type with both orientations. 
Stochastic recombination events between inversion pairs results in different 
colour possibilities (1-4; resulting colour code shown on the right). The 
spectrum of colours that cells can express with different Brainbow alleles 
and recombination events is shown underneath. c-e, Images of Brainbow 
tissue after Cre-mediated recombination to stochastically label different 
types of neuron (reproduced, with permission, from ref. 81): fibres from 

a motor nerve innervating the ear (c); axon tracts coursing through the 
brainstem (d); cells of the hippocampal dentate gyrus (e). 


depressed. Visualizing such parameters of synapse status will ultimately 
require predictable molecular signatures for specific functional states. 

Drawing on techniques ranging from fluorescence time-lapse imaging 
and photoswitching to single-particle tracking (SPT), it is now possible to 
visualize single synapses directly and monitor movements of individual 
molecules within them*””’. A number of methods have been developed to 
follow proteins at synapses using targeted expression of molecules tagged 
with fluorescent proteins. Such methods allow direct visualization of neuro- 
transmitter release“ and dynamic movements of neurotransmitter recep- 
tors and postsynaptic scaffold proteins™. 

Expression of fluorescent-protein fusions can be used to measure 
fluorescence recovery after photobleaching or fluorescence decay in 
the complementary technique of fluorescence loss after photoactivation 
of a given cellular domain. These approaches have been widely applied 
to measure apparent diffusion rates and protein exchange within syn- 
aptic microdomains”. Superecliptic pHluorin, which fluoresces at 
neutral pH but is quenched at the acidic pH of intracellular compart- 
ments, allows direct imaging of surface lateral diffusion, exocytosis and 
endocytosis of synaptic receptors and neurotransmitter release in vitro 
and in vivo“ **’*!, GFP reconstitution across synaptic partners builds 
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on fluorescent-protein reporter technology by revealing information 
about specific synaptic pairs”. By tethering individual GFP fragments 
to separate presynaptic and postsynaptic proteins, reconstitution of GFP 
fluorescence is observed when genetically targeted cells form synaptic 
pairs. One possible limitation of this approach is the potential to induce 
phenotypes on overexpression of synaptic-protein fusions, which may 
themselves induce new synapses or alter synapse function. Gene-targeted 
alleles that facilitate reporter expression from endogenous loci may miti- 
gate such concerns. The range of fluorescent-protein reporters that can 
be used to visualize synapse function continues to grow, and recent stud- 
ies using reporters of Férster resonance energy transfer have begun to 
reveal dynamic protein-activation events and protein-protein interac- 
tions accompanying synapse plasticity”. 

Complementing genetic expression methods to label and track 
populations of synaptic molecules, SPT can reveal the dynamics of indi- 
vidual synaptic molecules in real time. SPT affords both high spatial and 
high temporal resolution for single-molecule tracking by allowing the 
calculation of diffusion, exchange and dwell times for individual mol- 
ecules. An important development in SPT has been the use of extremely 
bright semiconductor quantum dots, which assists the precise spatial 
tracking of receptors in dendritic microdomains and permits long-term 
tracking of receptors across dendritic segments”. SPT has been used to 
follow individual a-amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPA) receptors at nanometre resolution within discrete domains 
of the postsynaptic density®* and, more recently, to monitor individual 
synaptic-vesicle fusion events during neurotransmission**”’. Quantum 
dot technology continues to improve with the creation of smaller dots, 
monovalent labelling and improved targetability™. 

At the tissue level, multiphoton imaging in living brain allows direct 
visualization of synaptic-protein dynamics” and spine morphological 
and synaptic plasticity within intact circuits'*”*'. Although in vivo 
imaging has provided a wealth of information on neuronal dynamics 
in the living brain, the approach is still constrained by the depth of tar- 
get cells and is most useful for investigating superficial brain areas. The 
convergence of multiple techniques to mark single neurons, identify spe- 
cific synapses on them and monitor the dynamics of individual proteins 
has rapidly expanded our understanding of synaptic organization and 
function. Ultimately, by using this group of novel methods to investigate 
the dynamic synapse in vivo, we will begin to understand how circuit 
elements behave in the native environment of the intact brain and in 
response to sensory experience. 


Nanoscopic interrogation 

Electron microscopy provides very high spatial resolution of neuronal 
features but does not allow dynamic imaging of cells in living tissue. 
Confocal and two-photon light microscopy provide dynamic infor- 
mation at the expense of reduced spatial resolution. The emergence of 
super-resolution imaging using fluorescent microscopy makes it possible 
to combine the best aspects of these techniques”. These new methods of 
nanoscale imaging in living cells circumvent classic optical limitations by 
altering the point spread function of collected light. These optical tricks 
allow super-resolution imaging of dendrites and spines that approaches 
the resolution offered by serial electron microscopy"**™. 

The first major steps towards enhancing the resolution of light micro- 
scopy came in the 1990s when efforts were placed on increasing axial 
resolution. Methods such as 4Pi and I°M microscopy**” are grounded 
in perfecting the focus of light along the z axis, although they are still 
constrained by the diffraction barrier. By spatially mixing the frequency 
patterns of specimen illumination, structured-illumination microscopy 
increased resolution by a factor of two. Stimulated-emission deple- 
tion (STED) microscopy, one of the first methods to achieve super- 
resolution, is based on the ability to shape the point spread function 
through the nonlinear de-excitation of fluorescent molecules in a ring 
surrounding a non-depleted region of interest” (Box 2). Initially, STED 
imaging was used with synthetic small-molecule dyes and thus has had 
limited application in the study of intact nervous tissue or genetically 
encoded reporters. However, recent improvements have allowed STED 
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Box 3 | Combinatorial circuit genetics to study the nervous system 
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Trans-synaptic tracing of neural circuits using viral technology could 
allow genomic modifications of connected cells. Advances in viral 
engineering now allow genetic targeting of precise subsets of neurons 
with viral expression vectors; a strategy similar to that described in ref. 27 
could be used to modify the genomes of interconnected neurons. Panel a 
of the box figure illustrates the genetic targeting of specified neurons in 
mice, harbouring conditional alleles for trans-synaptic mutagenesis, with 
Cre-expressing rabies virus vectors (RV-Cre). Cells targeted for primary 
rabies virus infection by directed expression of the Tva receptor (pTva) 
will be recombined, as will those that are presynaptic to the initially 
infected neuron, owing to the presence of a plasmid (pG) expressing the 
wild-type G coat protein. All other neurons within the circuit will remain 
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imaging of fluorescent-protein-expressing hippocampal neurons in 
organotypic slices, providing substantial technical improvement in the 
ability to image spine neck width and spine head curvature™. 

Further expanding the super-resolution light microscopy repertoire, 
several new forms of single-molecule imaging have been developed. 
The position of a single fluorescent object can be determined with nano- 
metre accuracy by fitting the fluorescence signals from many emitted 
photons to a two-dimensional Gaussian distribution. Expression of 
photoconvertible proteins permits the detection of single fluorescent 
molecules in the presence of a dense total population, because the 
number of photoactivated molecules can be controlled by the inten- 
sity and duration of the activation illumination. In such approaches, 
variously termed photoactivated localization microscopy”, fluorescence 
photoactivation localization microscopy” and stochastic optical recon- 
struction microscopy”, the centroid of each molecule is calculated in 
successive rounds of stochastic activation and excitation. Ultimately, 
super-resolution is achieved by building spatial maps of sequentially 
activated molecules (Box 2). Together, these methods make it experi- 
mentally possible to define cellular structures down to the nanoscale 
using light microscopy. 

The ability to image molecular anatomy at the nanoscale level will be 
very valuable in neuroscience. Many key neuronal and circuit proper- 
ties are defined by synapse composition and function that can now be 
probed at the nanoscale. Of course, single-molecule analysis is not new to 
neuroscience; the wealth of biophysical information gained from single- 
channel recordings profoundly influenced neuroscience and the study 
of excitable tissue”. Nanoscopic imaging may have a comparable effect, 
by advancing standard measurements of synapse and circuit function 
from macroscopic population measurements to stochastic probabilistic 
measurements at precise positions on single neurons. Being able to image 
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unaltered. The white boxes represent a conditional gene of interest that 
is flanked on either side by a /oxP site (arrowhead). As in Fig. 1, the yellow 
plus sign represents monosynaptic viral transfer; the red cross represents 
a polysynaptic site that lacks viral transfer owing to the absence of wild- 
type G protein. With such a system, any cell that receives RV-Cre will 
show monosynaptic conditional mutagenesis, whereas polysynaptic 
neurons will remain unrecombined and thus wild type. Panels b and ¢ of 
the box figure show how trans-synaptic mutagenesis could potentially 
be used with conditional alleles of all sorts. These may include Cre- 
dependent conditional loss-of-function reporters (b) or gain-of-function 
reporters (¢). ChR2, channelrhodopsin-2; PAFP, photoactivatable 
fluorescent protein. 


individual molecules present at synapses might allow us to begin assigning 
discrete identities or ‘states’ to different types of neuronal connections, 
and, thus, more precisely ascertain their contribution to circuit function. 
For example, tagging and following the movements of molecular identi- 
fiers such as channels, receptor subtypes, scaffolding elements or signal 
transduction machinery to a given synapse may ultimately help in predict- 
ing the functional nature of the connections that define neural circuits. At 
the moment, molecular tags for synapse state remain largely speculative, 
but emerging technologies are laying the groundwork for future tools to 
define and probe synaptic circuits. 


The future of functional circuit analysis 

A ‘connectome is defined as a detailed map of the full set of neurons 
and synaptic connections within the nervous system of an organism’. 
Important current issues concern which connectomes will be generated 
and what kind of data will be made available”. A significant challenge 
will be incorporating long-range connectivity with more experimen- 
tally tractable dissection of local connectivity. Notable progress, ranging 
from the complete‘ to the ongoing (ref. 1 and the Connectome Project), 
has been made towards assembling anatomical circuit maps in model 
systems. Ideally, connectome data will provide not just a useful resource 
for individual laboratories but also a more comprehensive view of com- 
plex circuits from which previously elusive properties emerge. 

A missing link to realizing the full potential of any given circuit dia- 
gram is information regarding functional connectivity. Existing data 
sets reveal neither functional signalling properties of the circuit nor 
dynamic processes such as synapse plasticity. Perhaps most importantly, 
connectivity data will serve only as snapshots and we will need to remain 
cognizant of the changing nature of neural circuits, particularly in more 
complex and malleable nervous systems. 
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Scepticism has always surrounded similar large-scale informatics- 
type projects, including the sequencing of the human genome, high- 
throughput crystallography and the mapping of protein interactions 
using searchable protein ‘interactomes. Such large-scale approaches, 
which are often criticized as being unimaginative, have so far had vary- 
ing success: whereas structural genomics and interactomes are in more 
nascent states, large-scale genome sequencing stands out as a clear 
achievement”. 

Alternative approaches to building models of functional brain circuits 
are being pursued in the absence of model organisms. For example, one 
of the goals of the Blue Brain Project (http://bluebrain.epfl.ch/page17871. 
html) is to understand brain function by reconstructing anatomical and 
signalling properties of circuits through the assembly of known cellular, 
molecular and computational information, generating detailed brain 
models in silico. It is possible that some animal experiments will eventu- 
ally be supplanted by computational and computer-assisted modelling, 
but it is not clear how such models would be validated or which neural 
circuits should be fully elucidated. Although insufficient in isolation to 
understand the functionality of neural circuits, complete neuronal wiring 
diagrams are certain to provide a crucial frame of reference. 

Future approaches to neuroanatomical experimentation and functional 
circuit analysis will rely on a combination of genetics, high-resolution 
imaging, circuit tracing and electrophysiology. These techniques will 
increasingly intersect in single experiments to assemble both anatomical 
and functional circuit information. For example, Brainbow technology 
allows multichannel stochastic colouring schemes for labelling neurons 
in the brain using the Cre/loxP recombination system” (Fig. 2). A short- 
coming of this approach is that it does not reveal functional synaptic con- 
tacts between neurons of different colours. One way in which this might 
be achieved is by combining different synapse labelling methods within 
conditional Brainbow-like engineered tissue. Instead of using standard 
cytosolic fluorescent proteins for stochastic conditional expression, alter- 
native reporters might include synaptically targeted fluorescent proteins 
with different spectral properties, to be used in combination with super- 
resolution imaging. 

Ultimately, it would be particularly valuable to be able to visual- 
ize functional connections. By combining conditional genetics in the 
mouse with recently described trans-synaptic viral labelling approaches, 
circuit-specific genetic dissection may be possible. This might include 
trans-synaptic mobilization of fluorescent-protein spectral variants, 
optogenetic reporters, genetically encoded Ca™ sensors and even Cre 
recombinase across the synaptic cleft. By mobilizing Cre through a 
circuit in a trans-synaptic manner, conditional mutagenesis could be 
achieved across synaptic partners based on anatomy rather than gene 
expression. Technology of this type would allow cellular and circuit- 
dependent knockouts, activation of floxed genetically encoded neuronal 
activators and the triggering of floxed fluorescent reporters such as those 
used in the Brainbow system (Box 3). 


Perspectives 

Not all of the emerging technologies for probing cells and circuits will 
necessarily aid us in our understanding of overall brain function. It is 
conceivable that these new techniques will simply continue to generate 
piecemeal data that has to be incorporated into a much larger framework 
to provide significant conceptual advances. It is not yet clear what this 
larger framework should be. The challenge for the future will be to move 
from descriptive observations to explanatory theories that provide pre- 
dictive models of complex brain functions. It seems reasonable to believe 
that such predictive models will emerge from the mesoscale of micro- 
circuits. Full knowledge of the molecular and structural components of 
local microcircuits will be insufficient, and long-range interactions and 
inputs must also be included. Brain processing relies on connections on 
both scales, although limitations in current technology have perforce 
focused attention on spatially proximate connectivity. However, with 
advances in technologies such as optogenetics, progress towards clarify- 
ing such long-range functional interactions is under way””*”. Perhaps the 
future will merge cellular and circuit mapping with larger-scale imaging 
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techniques such as functional magnetic resonance imaging to combine 
knowledge of microarchitecture with macro-circuit function. Ultimately, 
a combination of these approaches will be needed to advance our knowl- 
edge of the brain. The promise of finalizing any accurate blueprint for 
the mammalian brain remains an ambitious goal, but a range of emerg- 
ing genetic and imaging technologies provide a basis on which to both 
formulate predictive models and validate existing theories to begin such 
a task. Although the challenge ahead is great, the pace of progress in 
decoding brain circuitry is brisk and quickening. a 
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Neuroscience in the era of functional 


genomics and systems biology 


Daniel H. Geschwind"” & Genevieve Konopka' 


Advances in genetics and genomics have fuelled a revolution in discovery-based, or hypothesis-generating, 
research that provides a powerful complement to the more directly hypothesis-driven molecular, cellular 

and systems neuroscience. Genetic and functional genomic studies have already yielded important insights 

into neuronal diversity and function, as well as disease. One of the most exciting and challenging frontiers in 
neuroscience involves harnessing the power of large-scale genetic, genomic and phenotypic data sets, and the 
development of tools for data integration and mining. Methods for network analysis and systems biology offer the 
promise of integrating these multiple levels of data, connecting molecular pathways to nervous system function. 


The molecular biology revolution allowed neuroscientists to move from 
the study of circuits and systems to the detailed study of individual mol- 
ecules of interest. However, moving from genes to an understanding of 
interacting signalling or metabolic pathways within cells, let alone com- 
bining these data to achieve a systems-level understanding of brain circuit 
function in health and disease, poses enormous challenges. The integra- 
tion of data across a wide range of observations is especially important in 
neurobiology. In contrast to the physical sciences, the biological sciences 
have few guiding theories or laws (with the exception of evolution) with 
which to direct and prioritize investigations. At the same time, we are 
in the midst of a genomic and informatics revolution that permits us to 
view specific gene products in the context of all others. The adoption of 
functional genomic or molecular-systems methods that permit dynamic 
measurement of gene products in a highly parallel manner, coupled with 
an underlying systems-level knowledge of the organization of these gene 
products, has the potential to provide a more integrative understanding 
of nervous system function. 

The field of neuroscience has been slow to adopt functional genomic 
and genetic methods and the large-scale databases and resources that 
ideally result from their use. For example, neuroscience has consist- 
ently lagged behind cancer biology in the adoption of new molecular 
and genetic methods, starting with molecular cloning and continuing 
to functional genomics and genetics today. There are legitimate reasons 
for this, including the extreme cellular heterogeneity and complexity of 
neural circuits relative to most non-neural tissues, and the reliance on 
post-mortem materials for most human studies'*. Another obstacle is the 
generation of enormous amounts of data. Similarly to what occurred in the 
field of genetics, clusters of computationally oriented researchers have to 
form within or around the laboratories more concentrated on the ‘-ology’ 
fields (‘ologies’). This integration of computational biology or bioinformat- 
ics in modern neuroscience laboratories or groupings will become even 
more critical as more powerful technologies that generate many orders 
of magnitude more data, such as next-generation sequencing techniques, 
replace microarrays. An additional, sometimes unspoken, impediment to 
the more widespread adoption of “-omics fields (‘omics’) in neuroscience 
research is an underlying tension between the hypothesis-testing approach 
applied in the typical neurobiology laboratory and the discovery-based 
disciplines of genetics, genomics and proteomics (Box 1). 


The revolutionary nature of these genomic advances and the rapidly 
evolving technologies that continue to further the high-throughput 
omics agenda clearly distinguish this form of research from the more 
hypothesis-driven work performed in most neurobiology laboratories. 
Omics research requires not only large-scale instrumentation and multi- 
disciplinary teams of biologists, computer scientists, mathematicians and 
statisticians, but also a fundamental change in perspective’. The omics 
view is that an understanding of the organization and structure of the 
genome and the high-throughput measurements of the relationships of 
its elements, or gene products, provides a systematic basis on which to 
understand biological processes. Furthermore, significant value is placed 
on resource building and data sharing. Omics is not exclusive of more 
standard methods, and in fact is ultimately at its most powerful when 
combined with careful experimental validation. From this vantage point, 
the potential for discovery through large-scale screening and analysis pro- 
vided by omics contrasts with the ability to incrementally advance science 
through individual hypothesis testing, one gene at a time. 

The power of functional genomics in neuroscience is highlighted by 
several successful demonstrations of the strength of such methods to iden- 
tify the molecular basis of neuronal diversity* , synaptogenesis", disease 
biomarkers’*"’, disease mechanisms and pathways’**° and the develop- 
ment of user-friendly genome-scale resources’””*. These projects, along 
with other early proofs of principle’’”’, have clearly weakened the notion 
of the superiority of research based on single-hypothesis testing over 
hypothesis generation and prioritization using omics-based or discovery- 
based methods as a starting point. These approaches, which provide anew 
framework for the rapidly growing fields of neurogenetics, neurogenomics 
and systems biology, and the challenges that accompany them, are the 
subject of this Review. We discuss the value of data sharing and provide 
some key examples of neuroinformatics-based or omics-based resources, 
highlighting areas in which genetic and functional genomic approaches 
have brought new biological insight to different areas of neuroscience. 
We conclude with a discussion of the new frontiers in biological networks 
and systems biology. 


Public data sharing and resource generation 
Omics data provide a platform for small-scale and large-scale in silico 
discovery and hypothesis generation that often goes beyond the scope 
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of the original experiment. This notion supports the proposition that 
data from microarray studies have most value in the public domain, 
where they can be mined or combined with other studies”. However, 
proteomic and transcriptomic data are inherently less generic than 
sequence data, so obstacles such as variable sample preparation, experi- 
mental annotation and platform differences prevent a single fully uni- 
fied data resource. The development of a framework, MIAME (minimal 
information about a microarray experiment), allowed the creation of 
centralized repositories for these data created on multiple platforms in 
laboratories around the world (Box 2). A growing number of studies 
that have capitalized on such databases, including those cited above 
and others” ”’, have demonstrated that the widespread availability of 
these proteomic and transcriptomic data are of great benefit. One caveat 
with any resource based on compilation from multiple sources is that 
the data are only as good as the experimental and sample phenotype 
annotation. As microarray-based hybridization platforms for expres- 
sion analysis give way to sequencing-based approaches, these data will 
become more generic, diminishing, but not eliminating, cross-platform 
compatibility issues. 

In parallel with the growth of generic data repositories, standardized 
resources built by coupling high-throughput analyses with bioinformat- 
ics tools provide a clear demonstration of the value of large-scale omics 
data. The development of such resources requires significant foresight, 
planning and investment, but their worth is unquestionable if they are 
properly managed. Additionally, just as for DNA sequences and the 
genome databases, errors exist. Quality control must be balanced with 
throughput. Ideally, such resources would provide access for users to post 
corrective data or suggest annotations that would enhance the accuracy 
of the resource in real time. 

Use of these resources to reanalyse public data is often a necessary 
feature of the well-rounded systems biology approach, raising the issue of 
the primacy of data analysis versus data generation. There is a clear ten- 
sion between biological advances obtained in this way and the generation 
of new data, the latter usually carrying more weight in terms of novelty 
and degree of difficulty. Often, data analysis is not considered to be as 
much ofan advance as the generation of new data, no matter how narrow 
the new data may be. However, a new perspective must be adopted to take 
into account studies that analyse data generated by others or in the pub- 
lic domain, to lead to new levels of understanding, or provide database 
tools around these data, even if no ‘new biology is done. The notion of 
what constitutes an experiment must expand to include analysis only, 
in addition to standard bench work. Similarly, we need to ensure that 
the next generation of neuroscientists has the quantitative skills to allow 
them to take full advantage of these opportunities. Here we highlight a 
few examples of advances based either on the generation of new omics 
data resources or on the analysis of data from such resources to provide 
fresh biological insights. 


Surveying the nervous system transcriptome 

Knowledge of the spatial and temporal expression of every gene in the 
nervous system is a natural, neuroscience-specific extension of the 
human genome project. Thus, a number of different approaches have 
been undertaken to identify neuroanatomical patterns of expression on 
a global scale. The most complete gene expression resource for neuro- 
scientists is the Allen Brain Atlas (ABA; http://www.brain-map.org), 
which is a neuroanatomical repository of gene expression information 
in both mouse and human brain. Using high-throughput, standardized 
in situ hybridization to display messenger RNA expression in a given 
section of brain tissue, the Allen Institute for Brain Science has gener- 
ated an interactive guide into the entire known brain transcriptome. 
Users can query the maps by gene or brain structure and generate three- 
dimensional overlays of any permutation of gene and structure. Such 
a tool can be useful in determining the developmental and regional 
specificity of a particular gene, as well as the combinatorial expression 
of groups of genes. GenePaint (http://www.genepaint.org) and the Brain 
Gene Expression Map (BGEM; http://www.stjudebgem.org) are two 
other databases of mouse gene expression based on in situ hybridization 


Box 1| In search of hypotheses 


The reluctance of neurobiologists to adopt omics approaches has 
many roots, including the often-stated aversion to ‘fishing expeditions’ 
without clearly defined hypotheses. Yet omics, or discovery-based, 
approaches do not eschew hypotheses; rather, they seek to elevate 
hypothesis testing to a new level, by allowing high-throughput 
hypothesis generation and prioritization. It is also notable that 
although functional genomics has led to a revolution in the field of 
cancer research, it has taken much longer to appeal to neuroscientists. 
Discovery-based research appears to be of more interest in disease- 
based fields, because the focus is on generating novel hypotheses and 
discovering new therapeutic and diagnostic approaches. It is only over 
the past two decades that disease-focused research has gradually 
evolved to become a considerable force in neuroscience. A corollary 
of this comparison is that, in general, the field of modern cancer 
research has been much more successful in developing new therapeutic 
techniques that have subsequently been translated into clinical 
practice’!. There are many reasons for this, including access to tissue. 
However, advances in cancer research have also been catalysed by 

the core omics methods, which have not yet been as widely applied in 
disease-related neuroscience. The prediction is that a wider application 
of omics methods to neurological and psychiatric diseases"*”° in both 
model systems and patients will significantly accelerate advances 

in therapeutic development in neuroscience. One area in which this 
appears promising is in the detection of disease biomarkers (see 

page 916) based on transcriptional profiles’”"*’*”°, Because brain tissue 
at the appropriate developmental or disease stages in humans is rarely 
available, molecular biomarkers do pose a particular challenge. The use 
of peripheral tissues, such as blood, lymphoblasts or fibroblast-derived 
induced pluripotent stem cells, by omics methods provides a potential 
solution. Published data suggest that peripheral gene expression 
profiles might reflect aetiological subtypes of disease on which to 
stratify patients for genetic studies of complex neurologic or psychiatric 
disorders®”', in a loose parallel with the tissue-biopsy approach central 
to the cancer field. 


at various developmental stages. Both contain more embryonic data 
than the ABA, but they are more limited in scope and do not reference 
a three-dimensional atlas. 

The first project involving the Allen Institute focused on adult mouse 
brain in one strain (C57BL/6J)'*, but since then its research has expanded 
to encompass a variety of adult and developing mouse data sets and will 
soon also contain a first-generation data set from adult human brain. 
Additional data-mining tools that take advantage of the digital nature of 
the data include the Anatomic Gene Expression Atlas, which integrates 
all of the data from the ABA and the Allen Reference Atlas to build three- 
dimensional maps of correlated gene expression patterns. For example, 
this level of analysis permits the querying of different cortical layers and 
laminar gene expression to find clusters of co-expressed genes. 

These tools have been used” to study hippocampal molecular anatomy, 
further subdividing the CA3 region of the hippocampus into nine distinct 
regions, each with its own genomic signature presumably underlying dif- 
ferent functionalities. Using both computational and manual methods 
of analysis, the hippocampus was recurrently subdivided into smaller 
subsections based on overlapping patterns of gene expression. This sub- 
division allowed the generation of novel three-dimensional modelling of 
the hippocampus, as well as functional analysis of gene expression within 
a given subsection. The validity of the approach was confirmed using a 
combination of retrograde labelling and in situ hybridization. Thus, using 
the publicly available ABA, this study verified that hippocampal circuitry 
is driven, at least in part, by regional gene expression. These findings 
are critical for future experiments examining hippocampal function in 
targeted transgenic model systems. 

The Gene Expression Nervous System Atlas (GENSAT; http:// 
www.gensat.org) is a multifaceted resource that includes a public 
database of gene expression in the central nervous system of both the 
developing mouse and the adult mouse, based on bacterial artificial 
chromosome (BAC)-transgenic reporter mice”. These mice, which are 
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Box 2 | Major public databases 


The Gene Expression Omnibus (GEO; http:/Awww.ncbi.nlm.nih.gov/geo), 
supported by the US National Institutes of Health, is the most widely 
used open-access repository for storing and uploading unfiltered, 
unmanipulated microarray and sequencing data. ArrayExpress 
(http:/Awww.ebi.ac.uk/microarray-as/ae), housed at the European 
Bioinformatics Institute, is the other major public repository of 
microarray data. A large non-public repository of microarray data is 
the Stanford Microarray Database (http://smd.stanford.edu). 
Investigators can easily access archived data and implement their 
analyses on these data sets, allowing continued analysis of any 
deposited data set using future methodologies. The ability to query 
several parameters from a vast number of deposited samples across 
many species and tissues should allow for the development of 
interconnected data sets at multiple expression levels to build a wider 
view of expression in a given species and between species. The Celsius 


database (http://celsius.genomics.ctrl.ucla.edu) is one such attempt, 
and combines nearly 100,000 publicly available Affymetrix microarray 
data sets for global analysis of particular gene co-expression patterns”. 
ArrayExpress provides a portal through which to query highly annotated 
meta-summary data from approximately 1,000 microarray experiments 
and nearly 30,000 microarrays. Similarly valuable proteomic and 


protein-interaction databases exist’°’”®, including lab-based systems 


suchas the Organelle Map Database” (http://141.61.102.16/ormd/), 
which organizes 1,405 proteins into ten specific organelles on the basis 
of correlation profiling. Considerable work is going into centralizing and 
curating proteomics data; databases include PeptideAtlas 
(http://www.peptideatlas.org) and The Human Proteinpedia®? (http:// 
www.humanproteinpedia.org), which involves the efforts of over 

70 laboratories and provides the most integrated, searchable portal to 
many data types from diverse platforms, ranging from cytochemistry 
to mass spectrometry. 


publicly available, provide unique, high-spatial-resolution information 
on the morphological pattern of expression of specific genes in vivo. 
The genetic labelling of individual and specific neuronal populations 
has implications for a wide range of investigations in fields from physi- 
ology” to functional genomics’. For example, such techniques can be 
used to purify neurons, in combination with other approaches such as 
retrograde injections, fluorescence-activated cell sorting, manual dis- 
sections or immunopanning, to uncover cell-class-specific neuronal 
gene expression profiles*””"”. 

Ona related theme, the recently developed ‘bacTRAP’ technology 
uses BAC-transgenic mice with green fluorescent protein fused to a 
ribosomal protein under the direction of a specific cell-type promoter to 
permit translating-ribosome affinity purification (TRAP)*. All mRNAs 
in the process of translation, which are thus attached to ribosomes, can 
be isolated from a specific cell type by using an antibody against green 
fluorescent protein. This approach avoids the potential for stress-induced 
or injury-induced changes in gene expression and is amenable to high- 
throughput analysis, once the mice are grown. An impressive 24 lines of 
bacTRAP mice generated deep expression profiles”', providing thousands 
of new markers and cell-specific targets for further investigation. Future 
studies will be needed to validate this approach and determine its improve- 
ment over the other well-studied methods mentioned above. All of these 
investigations of purified neuronal or glial populations demonstrate how 
the generation of large-scale microarray data froma single study facilitates 
further studies into the identification of neuronal classes. 

Resources such as the ABA and GENSAT, which are based on anatomical 
expression patterns, provide high spatial resolution but are inherently qual- 
itative, so atlases of gene expression based on quantitative expression pro- 
filing are important adjuncts. However, most current quantitative atlases, 
such as BioGPS (http://biogps.gnf.org), and those curated at centralized 
browsers such as the GEO or GeneCards (http://www.genecards.org), 
have very low spatial resolution, limiting their use to the most basic analy- 
ses. A notable exception is the Cerebellar Development Transcriptome 
Database (http://www.cdtdb.brain.riken.jp), which approaches a systems 
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level of analysis by integrating not only high-resolution spatial imaging 
but also temporal and tissue-specific patterns of expression, connecting 
genes with overlapping gene ontologies, and linking to other databases 
such as the ABA, GenePaint and the BGEM. Finally, quantitative areal 
maps of the adult mouse brain using microarray profiling of dissected 
brain regions have yielded important data and emphasized the enormous 
differences in gene expression and regulation between different inbred 
mouse strains”**”?, which is an important consideration for those using 
mice as a model system. 

Recent work™ moves towards the idea of combining genome-wide 
expression data with higher-resolution neuroanatomical correlates, by 
creating a first-generation map of gene expression in the fetal human 
brain. Thirteen brain regions from both hemispheres in four fetal brains 
were assessed on Affymetrix exon arrays. Extensive experimental valida- 
tion, bioinformatic analysis and data mining were performed, confirming 
regional patterns of expression, identifying previously unknown splice 
isoforms and gene groupings related to regional specificity, and showing 
an association of regionally enriched patterns with highly evolving regu- 
latory elements. Network analysis of gene co-expression relationships 
was also used to organize these data. Notably, several of the genes that 
co-expression network analysis related to specific cortical areas were not 
detected by standard analysis of differential expression. These data and 
the accompanying database provide an early quantitative foundation for 
the field of developmental neurobiology that will serve as a reference 
for comparisons between model systems and the human brain. 


Exploring the synaptic proteome 

Synaptic transmission is a fundamental component of nervous system 
function, and its dysfunction is implicated in virtually every neurologi- 
cal or psychiatric disease. Thus, identification and functional annota- 
tion of its molecular components provide a foundational resource for 
neuroscience that is as important as more ubiquitous cellular organelle- 
related proteomes or transcriptomes are for biology in general*”*. Pro- 
teomics is probably the method of choice for identification of specific 
synaptic components, because unless more complex experimental 
designs that include network analysis**”’ are used, transcriptional pro- 
filing cannot usually provide organelle-specific data. This work requires 
along-term approach”, as it typically involves laborious purification of 
different synaptic components by means of immunoprecipitation, sub- 
cellular fractionation or other methods, followed by mass spectrometry 
analysis”*’. So far, more than 1,000 synapse-related proteins have been 
identified, a level of complexity that was initially unexpected”. 

One exemplary study"' of the synaptic proteome represents the van- 
guard of genetics, genomics and systems biology applied to neuroscience. 
In it, genome databases were mined to compare the postsynaptic pro- 
teome across 19 species, and the expansion of the synaptic proteome 
was found to correspond to known evolutionary hierarchies; the largest 
expansion in the number of synaptic proteins was observed during the 
transition between the invertebrate and vertebrate lineages. It was con- 
cluded that the regionalization of the cortex at both the anatomical and 
the functional levels is associated with evolution in synaptic diversity at 
the proteomic level. By combining gene expression and immunochemi- 
cal data from their own laboratory and from multiple public-domain 
data sources including the BGEM” and an adult-mouse microarray 
expression atlas“, the authors determined that genes of more recent 
origin show the greatest regional variation in expression in mammalian 
brain. These results are of particular interest, as the newer genes are 
involved in complex processes such as extracellular signalling and scaf- 
folding at the synapse. Whether the anatomical differences are due to 
changes in DNA cis-regulatory sequence or instead are a consequence of 
antecedent differences in anatomy and physiology remains to be deter- 
mined. Nevertheless, this tour-de-force study, essentially driven by the 
mining of previously existing data sets from multiple publicly available 
data sources, complemented by wet-bench experimentation, provides 
a new list of molecular tools for exploring synaptic structure-function 
relationships, their correspondence with specific brain circuits and the 
emergence of higher cognition. 
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Figure 1| Correlating genetic polymorphism and gene expression 

data. Investigation of whole-genome single-nucleotide polymorphism 
(SNP) data from different phenotypic subgroups is typically used to 
perform genetic association based on diagnostic categories such as 
dementia. By treating gene expression data as a quantitative phenotype for 
genetic association, these two data sets can be combined to identify genetic 
loci that control quantitative variation in gene expression (which are known 
as eQTLs). Here, an analysis of mRNA and DNA from three types of brain 
sample (healthy individuals, patients with Alzheimer’s disease and those 


From a systems perspective, a daunting combination of additional 
levels of electrophysiological and anatomical phenotypes will be required 
to relate molecular pathways operating at the synapse to cellular func- 
tion and, subsequently, to complex circuits. As a step in this direction, 
multi-electrode recording has been combined with microarrays to 
correlate genome-wide mRNA expression with synaptogenesis and 
synaptic activity in dissociated hippocampal neurons cultured on multi- 
electrode grids*. By conducting a time-course analysis of these param- 
eters together with morphological measurements, the authors found that 
gene expression changes occurred first, followed by concurrent changes 
in electrical activity and synaptic maturation. These data suggest that the 
program of gene expression initiating synaptogenesis is independent of 
neuronal network activity, a hypothesis that they test in vitro by blocking 
neuronal activity and assessing key gene expression changes. This work 
stops short of a functional assessment of any of the novel genes identi- 
fied. However, by coupling multiplexed physiological measurements and 
global expression profiling by microarrays it prefigures future studies, 
in which data from both neural and gene expression networks must be 
integrated to bridge systems and molecular neuroscience. 


Integrating genetic and phenotypic data 

Another approach to adding systems-level structure to transcriptome data 
is the analysis of these data in concert with genetic and phenotypic data to 
integrate across all three levels of observation. Thus, the advent of expres- 
sion quantitative trait locus (eQTL) analysis is a major advance in integra- 
ting large-scale genomic or genetic data sets to understand a model system 
or cohort of patients at a systems level. In eQTL mapping, gene expres- 
sion data are used as a phenotype on which to base quantitative genetic 
association mapping (Fig. 1), the rationale being that gene expression is 
a more proximal, intermediate quantitative phenotype to the underlying 
genetic risk than heterogeneous behavioural or anatomical phenotypes. 
Because large samples are necessary to provide statistical power for whole 


with early-onset Alzheimer’s disease) is depicted. The heat map (centre 
top) depicts the expression levels of all genes as determined by microarray 
analysis. The yellow box highlights genes with expression variations across 
the patient groups. The plot beneath shows DNA data from the same 
patients assessed for genetic polymorphisms (negative logarithm of the 

P value versus position on a chromosome); two SNPs (1 and 2) are found 
to correlate with a subset of patients (genotype A). Combining these data 
(right), the different genotypes are found to correlate with differences in 
gene expression. 


genome-wide association, peripheral tissues such as blood cells were used 
in the initial pioneering studies in humans”. Recent studies in animal mod- 
els demonstrate its utility in brain samples”. A very promising avenue 
is the combination of gene network analyses of expression for eQTL 
analysis as first demonstrated in ref. 49 and, more recently, ref. 50, both 
of which studied phenotypes related to metabolism. Another intriguing 
recent paper merges a different form of gene network analysis with struc- 
tural chromosomal variation identified in patients with autism, suggesting 
a role for genes related to glycobiology in this disorder”. 

One comprehensive, user-friendly interface for eQTL analysis in 
mouse is the database and toolkit provided by WebQTL” (http:// 
www.genenetwork.org). WebQTL allows integration of genetic poly- 
morphism data from several strains of mice and rats, gene expression 
data from microarrays, and neurobiological traits based on neuroanatomy, 
pharmacology and behaviour. These tools have been implemented to pro- 
vide proof-of-principle evidence of the utility of this approach; behav- 
ioural, microarray and genotyping data from a recombinant inbred mouse 
strain have been recombined” to uncover significant QTLs correlating 
with gene expression and neuronal phenotypes, including, most interest- 
ingly, synapse function. Numerous QTLs were mapped to the majority 
of specific transcripts, which included a number of loci that appear to be 
‘master’ transcriptome regulators, because they account for the expression 
of hundreds of genes. This study also uncovered QTLs that have polymor- 
phisms associated with phenotypes of a specific behaviour. These links 
indicate that QTL-related transcript regulation can have wide-ranging 
effects on numerous functions, from the synapse to behaviour. Most of 
the transcriptional data in WebQTL is from whole brain, and the resource 
would benefit greatly from transcriptome analysis at higher spatial reso- 
lution, because significant variation occurs regionally**. However, this 
work connects genetic polymorphisms to RNA levels and to variation in 
both anatomy and behaviour, demonstrating the power of systems-level 
approaches to uncover complex neurobiological interactions. 
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Box 3 | The challenges of next-generation sequencing 


Next-generation sequencing will be revolutionary in the amount and 
content of data generated, but there are many obstacles to surmount. 
Extensive comparisons of sequencing data have not been published 
demonstrating whether there are batch effects in data due to sample 
preparation, library generation, flow cell preparation or machine run. 
Few studies have compared the commercial platforms for either 

gene expression or gene regulation®"**. Data storage and analysis 

are currently a much larger challenge than data generation. Many 
researchers have devised their own algorithms for analysing either the 
raw or the filtered data. But this will change as an official consensus is 
reached on what constitutes acceptable data in terms of basic features 
such as quality scores and alignment algorithms. Also, better genome 
annotations and increased read lengths will aid in improving data 
interpretation. Ultimately, the advances of sequencing will permit the 
testing of what is actually expressed without preconception, taking 
the microarray-based approach many steps farther. 


QTL analysis has been extensively employed in rodents, but so far only 
two studies have combined gene expression data from human brain with 
genetic polymorphism data”. In the first study, nearly 200 pathologi- 
cally proven normal cerebral cortical samples were merged with genome- 
wide SNP data”. Although this is a small number from the standpoint of 
genetic association in complex disease, the difficulty and cost associated 
with profiling human tissue makes this an important demonstration of 
the approach. Furthermore, this study identified a large number of poten- 
tial cis-QTLs that, once replicated, can serve as a basis for understand- 
ing the direct functional consequences of human genetic variation on 
brain gene expression in disease. Supporting this notion, these data were 
used in a recent comparison with eQTLs identified in a parallel study of 
the brains of sufferers of Alzheimer’s disease, identifying several novel 
and known candidates for this complex brain disease”. The next step 
for these, and similar, studies is replication of the disease-association or 
eQTL-association findings in an independent cohort. 


Accelerating discovery through next-generation sequencing 

The advent of next-generation sequencing has raised multiple possi- 
bilities for the study of all layers of regulation leading to gene expres- 
sion, changing the way we think about designing functional genomic 
experiments. Early studies clearly indicated that sequence data surpasses 
microarrays for studying gene expression, in terms of both depth of cov- 
erage and analysis of splicing, among other factors”. This technology 
can be used to quantitatively query not only mRNA expression but also 
RNA splicing, microRNA expression, epigenetic modifications, DNA 
binding, copy number variations and genetic deletions, insertions and 


a Gene expression b 


Expression level 


Figure 2| WGCNA schematic. The underlying structure of a molecular 
network can be identified from high-dimensionality data sets such as 
those obtained from proteomic techniques or microarrays. This network 
structure can be used to guide research. a, Co-expression of groups of 
molecules across samples is measured to build networks, which comprise 
highly related clusters, or modules (for instance gene groups A, B 

and C here). b, A network module displaying the interconnection of 
genes. A gene’s position within the network has significant functional 
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mutations. Bridging these different outputs to generate a complete 
picture, from DNA to modified and bound DNA to precursor mRNA to 
mature mRNA, challenges even the most seasoned systems biologist. In 
addition, combining these data with proteomic data sets will completely 
revolutionize our understanding of the central dogma of molecular 
biology in action in any given cell. Another feature of next-generation 
sequencing that surpasses microarrays is the ability to assay species 
for which arrays do not exist, and eliminate the bias inherent in cross- 
species comparisons on microarrays’. The major challenges in the use 
of next-generation sequencing revolve around data storage and han- 
dling, but they are not unlike those encountered in the early years of 
microarray technology (Box 3), despite the amount of data involved 
being several orders of magnitude greater than that gained from 
microarrays. The relative platform independence of next-generation 
sequencing, leading to its more generic nature, will lower barriers for 
data sharing, meta-analysis and integration. 


Moving from lists to networks 
Even the most elegant of the multilevel functional genomic approaches 
essentially involve the analysis of overlapping lists of microarray or other 
data. In most transcriptomic or proteomic studies, data are organized in 
order from most differentially expressed to least. This is useful because 
these very large data sets need to be put into a form that allows them to be 
analysed and understood. However, such simple levels of data organiza- 
tion cannot and do not represent even a small fraction of the potential 
information inherent in the data. Furthermore, the use of standard path- 
way tools limits the analysis to known relationships. Fortunately, we are 
just beginning to appreciate that the data itselfhas an underlying structure, 
and acknowledgement of this network structure as a general biological 
principle is opening new avenues of complementary investigation”. 
The demonstration that transcriptome data can be organized into net- 
works based on expression correlation, the application of graph theory, 
and robust statistical methods to develop weighted gene co-expression 
network analysis (WGCNA,; http://www.genetics.ucla.edu/labs/horvath/ 
CoexpressionNetwork) raised expression profiling to the level of systems 
biology by elucidating the relationships among all of the elements being 
studied” (Fig. 2). Several studies have now demonstrated that such 
networks derived from human or animal brain represent a reproducible 
and robust structure (for example refs 22-24), and that network posi- 
tion has significant functional implications. Similarly to earlier work in 
simpler organisms, this work has shown that proteomic and transcrip- 
tomic data derived from complex tissue such as brain show a high level of 
correspondence™””. Such structure can be used to inform a new level 
of neuroscientific investigation that is not possible using standard analy- 
sis of differential expression” ”». 


Module relationships 


Second principal component 


First principal component 


implications. Hub genes are the most connected, or central, genes within 
each module (depicted here as H1, H2 and H3). Each gene is depicted 

as a green node; blue lines indicate positive correlations; and red lines 
indicate negative correlations. c, The multidimensional scaling plot of the 
first and second principal components of all of the modules in a network 
demonstrates the meta-module structure, which clusters into functional 
groups such as, in this example, different central-nervous-system cell 


subtypes. 
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One-dimensional approach 


For example, one of the first such studies” showed that gene networks 
could be used to provide a unifying method of identifying transcrip- 
tional targets of human brain evolution in the context of the neutral 
model of evolution for the transcriptome. More recently, it has been 
demonstrated that the human cerebral cortex transcriptome is organized 
into a robust network and shown how its modular nature could be used 
to drive functional understanding and discovery in many directions, 
including the identification of markers for human adult neural stem 
cells. One of the more remarkable observations here, especially with 
relevance to the discussion of neuronal heterogeneity and the need for 
individual cell study, is that from whole tissue WGCNA can recover 
modules that represent the transcriptional programs of the major cell 
classes in human brain, an example of in silico tissue dissection”. Impor- 
tantly, these analyses relied on several public data sources, including the 
ABA and a resource provided by the transcriptional analysis of purified 
neurons, astrocytes and oligodendrocytes’. 

These same network methods have recently been applied to provide a 
platform-independent comparison of pathways altered in normal age- 
ing and dementia”. Data from two different microarray studies were 
combined and reanalysed to identify overlapping network modules 
corresponding to the synapse and mitochondria, illustrating common 
mechanisms shared by normal ageing and Alzheimer’s disease. Similarly, 


Systems biology approach 


Figure 3 | The systems biology approach 

to high-dimensional data sets allows 
integration of multiple layers of data. a, The 
traditional experimental approach to the 
complexity of neuronal systems and diseases 
usually stretches across one or two layers of 
information. Typically, efforts are directed 
towards genetic data (such as sequence 
variants and epigenetic modifications), 
genomic data (such as gene expression) or 
phenotypic data (such as electrophysiological 
and clinical data). The systems biology 
approach seeks to consider all of these aspects 
at the same time, through the creation 

of comprehensive relational databases. 

The identification of a higher structure in 
high-dimensional data sets (for example 

by using network methods) facilitates the 
connection between different types of 
information (for example between genetic 
data and genomic data). b, Illustration of 

a potential systems-level integration of 
regional brain gene expression, coupled 

with network-based analysis methods and 
imaging data, to provide insights into brain 
connectivity. This is a stylized visualization of 
the combination of diffusion tensor imaging 
data for language areas” with gene expression 
and WGCNA analysis to reveal integration 
of gene co-expression across brain areas 

(BA, Brodmann area), as well as novel brain- 
region wiring. The green lines and dashed 
red lines indicate information flow in both 
directions and can be extrapolated to suggest 
excitatory and inhibitory interconnections. 
The integration of network analysis, gene 
expression data and imaging analysis will 
elucidate the relationships among key 
genetic drivers in distinct regions and their 
relationship to brain regional connectivity in 
normal conditions and in disease. Each gene 
is depicted as a node (green or pink), with hub 
genes represented by pink nodes. Blue lines 
indicate positive correlations, and red lines 
indicate negative correlations. Lines between 
Brodmann areas indicate real and potential 
interactions through white-matter tracts. 


reanalysis” of single-cell expression data’® has confirmed the initial 
findings and led to new biological insights, including a major transcrip- 
tional distinction between two classes of mitochondria: those located 
in the synapse and neuronal processes, and those located in the cell 
body. Both of these studies show how network methods can elucidate 
organelle-specific or cellular-component-specific expression profiles 
without the need for their purification (another form of in silico dissec- 
tion), and further demonstrate the value of data placed in the public 
domain for subsequent reanalysis or use by others. 

Proteomic networks can be constructed either through the inves- 
tigation of actual protein-protein interactions or by the correlation 
of protein levels across samples or observations. The coupling” of a 
high-throughput proteomic screen for protein interactions with bio- 
informatic analyses has been used to uncover an interaction network 
specific to ataxia. A screen for protein partners of ataxia-associated pro- 
teins was performed using the yeast two-hybrid system and a human- 
brain complementary DNA library, ultimately validating interactions 
in silico and in vivo. These interactions were expanded by culling known 
protein-protein interactions from public databases and the literature 
to create a final interaction network containing nearly 7,000 protein- 
protein pairs among almost 4,000 proteins. This network is an impor- 
tant resource for researchers studying neurodegeneration; it has already 
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either provided confirmation of specific interactions or the impetus 


for their study*’. 


A more recent example of the combination of network methods and 
proteomic analysis identified a large number of postsynaptic protein 
complexes that show significant overlap with putative schizophrenia- 
susceptibility genes”. Five interconnected protein clusters were found by 
combining in vivo tandem affinity purification of PSD-95 (also known 
as DLG4) and mass spectrometry with network analysis. Almost half 
of the proteins in the clusters were related to at least one neurological 
disease, and, remarkably, 70% of the constituents of one of the clusters 
were specifically linked to schizophrenia. These and other early protein 
network analyses in brain should fuel future investigations and database 
development to catalogue and organize the entire neuronal proteome. 


Conclusions and future directions 

Many of the systems-level approaches that have been described here 
involve omics-level analysis of large data sets that span one or two 
dimensions of biological experimentation (Fig. 3). The most ambitious 
systems approach would see the integration of enormous data sources 
across multiple levels of genotypic, genomic, proteomic, epigenetic and 
phenotypic data (Fig. 3). Great efforts and powerful tools will be needed 
to achieve this in neuroscience, including the standardization of complex 
measurements of animal and human nervous system phenotypes and the 
development of accompanying ontologies®’. Most forms of molecular 
data can be made into relatively generic forms, but translating complex 
phenotypes, from neuronal morphologies to the cognitive and behav- 
ioural profiles of neuropsychiatric disease entities, will require far more 
groundwork. Furthermore, although there is a compelling rationale to 
study nervous system phenotypes as they evolve over time, in many cases 
current funding and review processes are barriers to the collection of 
longitudinal data. 

However, even one data dimension, such as knowledge of transcriptome 
organization by means of network analysis, can promote large concep- 
tual leaps by providing a new view of gene function, independent of the 
proteome or genome. For example, we have observed groups of genes 
annotated by gene ontology as mitochondrial, ribosomal and proteasomal 
within single co-expression modules in several data sets. From a proteom- 
ics standpoint these organelles are distinct, but the high co-expression 
of genes within them suggests that they are part of a highly coordinated 
and interconnected system that spans cellular compartments as they are 
typically defined. Here transcriptional network analysis provides a new, 
systems-level view of gene function within cellular pathways that was not 
readily apparent from proteomic or genomic data alone. 

Another frontier in systems-level analysis in neuroscience is highlighted 
by the necessary scale and complexity of endeavours analysing human 
phenotype data from a genetic perspective. Recent work combines text 
mining™® with genetic analysis and modelling to integrate across disease 
phenotypes®”. Ina remarkable study”, the co-morbidity among 161 dif- 
ferent medical conditions abstracted from 1.5 million medical records was 
analysed in the context of a basic probabilistic model of inheritance. This 
work not only detected known genetic relationships between diseases, but 
also showcased the power of such methods to detect unexpected genetic 
relationships between human disorders considered to be distinct. For 
example, it predicted significant causal overlap between disorders such 
as bipolar disorder, autism and schizophrenia, as well as a shared genetic 
connection among autism and autoimmune and infectious disorders. In 
the future, such work should be greatly facilitated by detailed and stand- 
ardized clinical phenotype ontologies, as well as integration with other 
levels of quantifiable phenotypic data, from molecular biomarkers such 
as gene expression and epigenetic profiles to neuroimaging data. 

The application of systems-level analyses to neuroimaging data alone, 
based on a theoretical framework similar to WGCNA, has also begun 
to reveal remarkable insights into human brain networks®. This work 
shows a robust relationship between specific aspects of brain functional 
networks and structural connectivity”. Analogously to gene-based net- 
works, particular functional modules and key hub regions can be iden- 
tified on the basis of maps of functional or structural connectivity. At 
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this point, the possibility of connecting such networks to the panoply of 
potential genetic, genomic or environmental factors that regulate them 
may seem distant. However, there is likely to be a reasonable systems biol- 
ogy solution. Standardized network analyses based on graph theory, such 
as WGCNA, could be used to integrate anatomically based brain networks 
with gene expression or proteomic networks from profiling of the same 
brain regions from post-mortem samples (Fig. 3b). This type of analysis 
would reach a level of integration of ‘neuro-omic and neuroimaging data 
that goes far beyond the current state of genotype-phenotype correlations. 
Such studies would be greatly accelerated by the requirement that data 
from all published neuroimaging studies be made publicly available in a 
usable, normalizable form, similar to omics data. 

In many ways, the omics revolution provides an example of the enor- 
mous value of public data sharing in making efficient use of our relatively 
limited resources to fuel scientific and biomedical advances. The value of 
these data highlights the urgent need for common language and measure- 
ments in addition to incentives and portals for data sharing from even the 
smallest-scale studies. In parallel, it also speaks to the need for large-scale 
collaborative endeavours that collect data in a way that facilitates such 
sharing and permits integration across multiple disciplines. This is not to 
suggest that omics should or could necessarily replace ology in any way. 
However, omics approaches offer the possibility of a new foundation for 
ologies to build on, by allowing for the testing of many hypotheses in 
parallel and providing a systems-level context for data interpretation that 
is necessary to further our understanding of brain function. a 
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Multimodal techniques for diagnosis and 
prognosis of Alzheimer's disease 


Richard J. Perrin'**, Anne M. Fagan?*4 & David M. Holtzman*?* 


Alzheimer's disease affects millions of people around the world. Currently, there are no treatments that 
prevent or slow the disease. Like other neurodegenerative diseases, Alzheimer's disease is characterized 

by protein misfolding in the brain. This process and the associated brain damage begin years before the 
substantial neurodegeneration that accompanies dementia. Studies using new neuroimaging techniques and 
fluid biomarkers suggest that Alzheimer's disease pathology can be detected preclinically. These advances 
should allow the design of new clinical trials and early mechanism-based therapeutic intervention. 


With the emergence of disease-modifying strategies for the treatment of 
Alzheimer’s disease, impetus to diagnose the condition in its early ‘pre- 
clinical’ stages — before significant brain damage has occurred — has 
intensified. Fortunately, advances in technology and in our perspective 
on what defines Alzheimer’s disease may soon make such antecedent 
diagnosis possible. 

Since their first description, in 1907 (ref. 1), ‘senile’ plaques and neuro- 
fibrillary tangles (NFTs) have been the hallmark histopathological fea- 
tures of Alzheimer’s disease and are employed by three sets of diagnostic 
histological criteria”*. Historically, they have also been associated with 
the dementia caused by the disease. It is clear, however, that these lesions 
begin to accrue in significant amounts in many ‘cognitively normal eld- 
erly individuals’ and, probably together with other damage, need to reach 
a threshold before the clinical manifestations we know as dementia are 
observed. A growing body of evidence now supports the idea that amyloid 
plaques and NFTs actually define (but do not fully represent) the disease 
process, which also involves inflammation as well as neuronal, axonal and 
synaptic loss and dysfunction. All of these changes appear to begin before 
significant cognitive decline occurs. Consistent with this, neuropatho- 
logical studies involving large numbers of non-demented subjects have 
identified significant Alzheimer’s disease pathology in the brains of older 
individuals”. Neocortical cerebral amyloid deposits have been identified 
in approximately 50% of brains from individuals more than 75 years old’. 
In contrast, the prevalence of Alzheimer’s disease dementia does not reach 
50% until age 85 or more®. The onset of very mild dementia is correlated 
best not with plaque or NFT burden but with significant synaptic and 
neuronal loss”’°. Together, these data support the concept of preclinical 
Alzheimer’s disease, a phase during which plaques and, subsequently, 
NFTs accumulate for ~10-15 years before the synaptic and neuronal loss 
they accompany manifest as cognitive decline’ (Fig. 1). This concept fits 
with genetic, biochemical and animal model data which demonstrate 
that the aggregation of the amyloid-f peptide plays a necessary part”, 
especially in the preclinical phase of the disease, and that aggregation of 
microtubule-associated protein tau, which occurs in bulk later, drives 
neurodegeneration during and just before the clinical phase. 

Nevertheless, the pathological process of Alzheimer’s disease currently 
is noticeable during life only when it manifests clinically. The early clinical 
signs that are believed to result from Alzheimer’s disease (decline in mem- 
ory and executive functions) are referred to in different ways by clinicians. 


Some report this syndrome as very mild dementia of the Alzheimer type”. 
Others prefer the term mild cognitive impairment’. Because many of the 
biomarkers that provide insight into the underlying pathology of Alz- 
heimer’s disease are not yet used in day-to-day patient care, these diagnoses 
reflect attempts to describe clinical syndromes in the absence of definitive 
proof of the underlying pathology. However, in combination with clinical 
methods and cognitive tests, biomarkers will soon contribute to a more 
accurate assessment of cognitive impairment and its cause (Box 1). Per- 
haps more importantly, biomarkers are expected to enable clinicians to 
identify and monitor the pathology caused by Alzheimer’s disease before 
the onset of cognitive dysfunction, and suggest prognosis. 

The purpose of this Review is to discuss the most promising targets, 
techniques and implications of Alzheimer’s disease biomarker research so 
far. Advances in neuroimaging now allow accurate measurements of atro- 
phy, metabolism, inflammation, plaque and NFT abundance, and ‘default 
network activity in the brain. Furthermore, fluid biomarker research has 
employed powerful ‘unbiased’ screening approaches, increasingly sensi- 
tive proteomics techniques and novel applications of mass spectrometry to 
identify new fluid biomarkers and even monitor fluid biomarker metabo- 
lism in living subjects. The use of genetics in combination with biomarkers 
will probably provide more diagnostic and prognostic information than 
the use of biomarkers alone. However, a detailed discussion of the genet- 
ics of Alzheimer’s disease is beyond the scope of this Review. The most 
up-to-date information on the genetics of the disease can be found at the 
Alzheimer Research Forum (http://www.alzgene.org). 


Imaging atrophy and aggregates of amyloid-6 and tau 
Although cellular resolution has not yet been achieved, recent advances 
in functional and molecular neuroimaging have provided insights into 
brain structure and physiology, allowing the study of specific proteins 
and protein aggregates in ways that are difficult or impossible to achieve 
through autopsy. Moreover, neuroimaging biomarker studies can imme- 
diately correlate data with structure and (dys)function. 

The characteristic patterns of cortical and hippocampal volume loss 
in advanced Alzheimer’s disease are well known but difficult to quantify 
with precision during post-mortem examination. Atrophy is particu- 
larly difficult to measure in the early stages of the disease, when it super- 
ficially resembles the inconspicuous volume loss commonly observed 
among elderly individuals without neurodegeneration (‘healthy’ ageing). 


"Department of Pathology and Immunology, Department of Neurology, "Hope Center for Neurological Disorders, “Alzheimer's Disease Research Center, Washington University School of 


Medicine, 660 South Euclid Avenue, Box 8111, St Louis, Missouri 63110, USA. 


916 


© 2009 Macmillan Publishers Limited. All rights reserved 


Distinguishing such subtle differences is not difficult using high-resolution 
quantitative magnetic resonance imaging. Applied longitudinally, this 
technique can distinguish between the global atrophy rate of healthy age- 
ing and that of the disease“ and predict progression from normal cogni- 
tion to mild cognitive impairment" and from the latter to Alzheimer’s 
disease on the basis of regional volume losses and ventricular expansion 
over time’® (Fig. 2b, c). However, atrophy and cognitive decline occur 
in most neurodegenerative disorders, and although volume changes in 
certain brain regions may be suggestive of, or consistent with, Alzheimer’s 
disease, they do not reveal the underlying pathology. 

Patterns of plaque and NFT formation in Alzheimer’s disease have been 
thoroughly studied. Until recently, however, ante-mortem examination 
of these pathological changes has been nearly impossible. Within the 
past decade, a number of radiological-contrast compounds have been 
developed that specifically bind to and highlight pathological structures 
in the central nervous system, including amyloid plaques, neurofibrillary 
tangles, activated microglia and reactive astrocytes. 

So far, five compounds (['*F]FDDNP, '*F-BAY94-9172, ''C-SB-13, 
“\C-BF-227 and "'C-PIB) have been reported as probes for imaging amy- 
loid plaques in humans. One of these, ['*F] FDDNP, may be retained by 
NFTs”, but no agent that selectively binds to aggregates of tau has yet 
been described. Such a discovery would be a major advance for molecular 
imaging. 

Of the amyloid-binding compounds, ''C-PIB (PIB, Pittsburgh com- 
pound B), has been the most extensively studied and applied in research 
into Alzheimer’s disease. Uptake of PIB can be measured by positron- 
emission tomography (PET). In individuals with the disease, increased 
retention of PIB shows a very specific pattern that is restricted to brain 
regions typically associated with amyloid deposition’ (Fig. 2b, c). Notably, 
an appreciable number of cognitively normal individuals over the age 
of 60 show a PIB signal pattern indistinguishable from that of individuals 
with Alzheimer’s disease, suggesting that measurement of PIB using PET 
can detect a preclinical stage of the disease’. When PIB PET was per- 
formed and concentrations of AB, peptide (the 42-residue-long isoform 
of amyloid-B) in the cerebrospinal fluid were measured at the same time in 
individuals ranging from the cognitively normal to those with Alzheimer’s 
disease, two discrete groups were distinguished: ‘PIB-negative’ individuals 
and ‘PIB-positive’ ones. Without exception, the PIB-positive group had 
low AB,, levels in the cerebrospinal fluid” (F ig. 2a). This finding is consist- 
ent with the idea that soluble AB,, is retained in the brain once plaques 
are formed. Larger longitudinal studies of cognitively normal subjects, 
comparing those with amyloid to those without amyloid, will be required 
to evaluate whether the presence of amyloid confers a greater risk of ‘con- 
version’ to dementia. An initial study suggests that this is the case”. 

Complementing these radiological studies of amyloid deposition, 
other PET labelling agents have been developed to image inflammation 
as reflected by activated microglia and reactive astrocytes that sur- 
round plaques. Among the changes that microglia undergo on activa- 
tion, increased expression of the peripheral benzodiazepine receptor has 
been exploited asa target for the radiological compounds [''C]DAA1106 
(ref. 22), ["C]vinpocetine (ref. 23) and [""C](R)-PK11195. Only the third 
of these has been reported in studies of Alzheimer’s disease in humans, 
in conjunction with PIB. In these studies of individuals with mild cog- 
nitive impairment or Alzheimer’s disease, PK11195 and PIB signals 
showed similar anatomical patterns, but their intensities did not show 
regional correlation” among subjects with Alzheimer’s disease, there was 
an inverse correlation between PK11195 signal and cognitive perform- 
ance. These findings suggest that microgliosis occurs concomitantly with 
amyloid deposition and may have a direct role in cognitive dysfunction. 
However, better imaging agents are needed to visualize microglial activa- 
tion in Alzheimer’s disease. Like microglia, astrocytes show changes on 
association with plaques, including elevation of monoamine oxidase B 
activity”, but studies that use inhibitors of monoamine oxidase B as radio- 
tracers in Alzheimer’s disease are only now appearing”. Larger studies 
will be needed to understand whether imaging inflammation may inform 
subject selection for clinical trials, contribute to predictions of prognosis 
and allow monitoring of response to therapy. 
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Figure 1 | Biomarkers and Alzheimer's disease: proposed changes in 
biomarkers in relation to the time course of pathological and clinical 

stages. The clinical stages of Alzheimer’s disease (AD), marked by 
progressive dementia described as ‘very mild/mild cognitive impairment 
(MCI), ‘mild; ‘moderate’ and ‘severe; correspond to clinical dementia rating 
(CDR) scores of 0.5, 1, 2 and 3, respectively (see bar below plot). These 
stages are associated with abundant amyloid plaques (red line), the gradual 
accumulation of NFTs (blue line) and synaptic and neuronal loss in certain 
brain regions (green line). In the preclinical stage of Alzheimer’s disease, AB, 
peptide forms amyloid plaques in the brains of non-demented individuals 
(CDR 0) for approximately 10-15 years, and damages neuronal processes 
and synapses. Eventually, drastic neuronal losses occur in association with 
the onset of dementia. Alzheimer’s disease biomarker research seeks to 
measure changes in the structure and function of the brain (for example 
atrophy, regional activity changes and hypometabolism, amyloid-plaque 
and NFT formation, microgliosis, inflammation and oxidative stress) that 
might be useful for diagnosis and prognosis during this preclinical phase 

of the disease, before irreversible neuronal loss occurs. These changes can 
be measured by radiological imaging modalities (for example computed 
tomography (CT), magnetic resonance imaging (MRI), functional magnetic 
resonance imaging (fMRI), and positron-emission tomography (PET) with 
various imaging contrast agents) and/or by biochemical examination of 
cerebrospinal fluid (CSF). The most promising biomarker candidates at 
present are listed (in chronological order from bottom to top) according 

to the earliest stage of the pathological process at which they seem to show 
utility. A reduced concentration of AB, in cerebrospinal fluid may provide 
the earliest definitive evidence of Alzheimer’s pathology in the brain. Genetic 
variations (for example single-nucleotide polymorphisms (SNPs)) may also 
be considered biomarkers that allow the earliest possible estimation of risk. 
PIB, Pittsburgh compound B. (Modified, with permission, from ref. 77). 


Watching the mind at work 

Neurons of the medial temporal lobe and hippocampus are particularly 
susceptible to loss in Alzheimer’s disease, and their loss seems to coincide 
with the onset of clinically significant cognitive impairment. Func- 
tional magnetic resonance imaging is believed to provide a measure of 
synaptic activity, and this technique seems to show hypoactivation of the 
medial temporal lobe memory system in the clinical stages of the disease. 
However, hyperactivation of the same structures seems to occur in mild 
cognitive impairment, when memory is only mildly impaired and neu- 
ronal loss is less severe; this increased activity may represent an attempt 
to compensate for functional inefficiencies”. 

Although the medial temporal lobe memory system seems to be selec- 
tively vulnerable in Alzheimer’s disease, other regions of the cortex (for 
example the posterior cingulate cortex, the precuneus, the temporo- 
parietal region and the medial frontal cortex) also experience amyloid 
deposition, gliosis and atrophy during the long preclinical phase** (Fig. 2). 
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Box 1| Assessment of cognitive impairment and dementia 


Dementia is an acquired syndrome in which there is a decline in 
memory and thinking that is sufficient to interfere with everyday 
performance. Some individuals demonstrate deficits either in memory 
alone or in memory and other cognitive domains that are indicative of 
an abnormality but are not yet severe enough to be termed dementia. 
Most people who go on to develop dementia go through a transitional 
stage that some term very mild dementia and others term mild cognitive 
impairment or ‘cognitively impaired no dementia’. Many different 
things can lead to cognitive impairment and dementia, including a 
variety of neurodegenerative disorders, vascular damage, infections, 
tumours and other causes. Alzheimer's disease is the most common 
cause of cognitive impairment and dementia in people over the age 

of 65. Determination that acquired cognitive impairment or dementia is 
present, and diagnosis of its probable cause, is based on clinical history 
(especially from a reliable informant), neurological and psychiatric 
examinations, and certain laboratory tests. The assembled information 
allows assessment of whether an individual's faculties have decreased 
relative to their past abilities (intra-individual change) and can be used 
for determining the level of dementia (very mild, mild, moderate or 
severe) as well as the most likely diagnosis. 

Formal cognitive testing can aid these determinations and is 
particularly useful in clinical situations in which cognitive symptoms 
and signs are subtle or are confounded by other medical factors such 
as depression. A variety of neuropsychological tests can be used to 
accurately assess the different cognitive domains, including orientation, 
intellect, language, memory, attention, concentration, executive 
function, visual/perceptual abilities, sensorimotor function, mood 
and personality”. Serial neuropsychological evaluations are also very 
useful for tracking the progress of an individual over time relative to 
an established baseline. At present, the diagnosis of dementia due to 
Alzheimer's disease can only be confirmed with certainty at autopsy. 
However, many of the biomarkers reviewed here, when used together 
with clinical evaluation and cognitive testing, can assist with differential 
diagnosis and prognosis. To determine the presence of diseases such 
as Alzheimer's disease before the emergence of cognitive impairment 
or dementia as detected through neuropsychological testing or by 
clinicians, antecedent biomarkers will be required. 


Accordingly, abnormalities of these cortical regions in individuals with 
mild cognitive impairment and mild Alzheimer’s disease can be seen 
by using functional magnetic resonance imaging” and single-photon- 
emission computed tomography (which measures regional blood flow), 
and can be used to predict progression from mild cognitive impairment 
to Alzheimer’s disease”. 

As might be expected for brain regions that display atrophy, neuronal 
loss and reduced perfusion, these cortical regions also show evidence of 
decreased glucose metabolism in subjects with the disease, as measured by 
fluorodeoxyglucose PET”* (Fig. 2b, c). Additionally, although its accuracy 
has not been thoroughly compared with that of other biomarkers assessed 
in the same subjects, fluorodeoxyglucose PET has been reported to pre- 
dict conversion from cognitive normalcy to mild cognitive impairment” 
and thence to Alzheimer’s disease*’. Furthermore, fluorodeoxyglucose 
PET has been used to demonstrate the effects of pharmacological agents, 
correlated with level of cognitive impairment”. Therefore, these imaging 
measures of synaptic activity (functional magnetic resonance imaging), 
perfusion (single-photon-emission computed tomography) and glucose 
metabolism (fluorodeoxyglucose PET) may serve as biomarkers to guide 
diagnosis and to predict and monitor progression, and might be used in 
the future to evaluate responses to therapy. 


The default network 

Although imaging studies have contributed tremendously to our 
understanding of Alzheimer’s disease by allowing us to compare afflicted 
subjects with age-matched controls, valuable insights into the patho- 
physiology of the disease have also been gained through the study of 
young, healthy volunteers. In 2001, the hypothesis of a ‘default’ mode of 
human brain activity” that is engaged during internally focused tasks 
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such as remembering past events, imagining the future and considering 
the perspectives of others (comprehensively reviewed in ref. 34) was 
put forward on the basis of numerous functional imaging studies done 
over the past four decades. In 2005, a remarkable correlation was dem- 
onstrated between the neuroanatomical substrates of the default network 
(the medial temporal lobe and hippocampus, the medial prefrontal asso- 
ciation cortex, the posterior cingulate cortex, the retrosplenial cortex, 
the inferior parietal cortex and the lateral temporal lobe) and the ana- 
tomical distributions of amyloid deposition, atrophy, glucose metabolism 
and blood flow in Alzheimer’s disease” (Fig. 2c). It was suggested that 
young-adult activity and metabolism patterns might be conducive to 
amyloid deposition in Alzheimer’s disease. Indeed, amyloid-B produc- 
tion is dependent on synaptic activity’, and those regions of the default 
network that show high resting metabolism are also those that are most 
affected in subjects with the disease. It seems clear that any substan- 
tive insight into the aetiological connection between default-network 
metabolism and the pathology of Alzheimer’s disease will contribute 
seminally to our understanding of the illness. 


Amyloid-f and tau as Alzheimer's disease biomarkers 

Without going so far as to perform brain biopsy or place a microdialysis 
catheter directly into the brain”, the sampling of cerebrospinal fluid and 
plasma represents the most direct and convenient means to study the 
biochemical changes occurring in the central nervous system. Therefore, 
these fluids are the most attractive resources for ongoing research into 
Alzheimer’s disease biomarkers. Implicated by biochemical and immuno- 
histological studies of Alzheimer’s brain tissue, the major protein constitu- 
ents of the pathology of the disease (AB), AB,,, tau and phosphorylated 
forms of tau) have emerged as the current leading diagnostic and prog- 
nostic fluid biomarkers. 

Amyloid-f is a secreted peptide of unknown physiological function 
that is cleaved from amyloid precursor protein by the sequential activi- 
ties of B-secretase and y-secretase enzymes. The majority of amyloid-B 
is produced in the brain, but it effluxes into the cerebrospinal fluid and 
plasma, appearing in relatively high and low concentrations, respectively. 
Amyloid-6 occurs in multiple forms ranging from 38 to 43 amino acids in 
length. Among these, A, is the most abundant species, but AB, seems to 
be essential for initiating amyloid-f aggregation, and is considered central 
to the amyloid cascade hypothesis of Alzheimer’s disease''. Of these two 
species, AB,, has emerged as a more useful biomarker for Alzheimer’s 
disease than its shorter counterpart, AB,., most probably in reflection of 
their roles in the pathogenesis of the disease. 

Although the finding is initially counter-intuitive, the mean 
concentration of AB,, in the cerebrospinal fluid is significantly reduced 
in subjects with Alzheimer’s disease relative to age-matched controls™ 
(Fig. 3b); this phenomenon is thought to result from deposition of the 
peptide in plaques, preventing its transit from the brain into the cerebro- 
spinal fluid (the ‘amyloid sink hypothesis). In support of this hypothesis, 
when ante-mortem cerebrospinal-fluid AB,, concentrations are com- 
pared with PET PIB scan results or with post-mortem measurements of 
brain amyloid-6 load, virtually all individuals with fibrillar amyloid-B 
deposits show low concentrations of AB, in the cerebrospinal fluid, 
independent of cognitive status””’”° (Fig. 2a). Thus, cerebrospinal-fluid 
AB. may serve as both a diagnostic biomarker for Alzheimer’s disease 
anda surrogate biomarker for amyloid deposition. 

The utility of cerebrospinal-fluid AB, may not end with diagnosis and 
surrogacy, however. In several longitudinal studies, especially when com- 
bined with information about the levels of tau or phosphorylated tau in the 
cerebrospinal fluid, cerebrospinal-fluid AB, has shown a capacity to pre- 
dict progression from cognitive normalcy to mild cognitive impairment 
or dementia of the Alzheimer’s type, and from mild cognitive impairment 
to dementia of the Alzheimer’s type" (Fig. 3c). Low concentrations of 
cerebrospinal-fluid AB, may also be a harbinger of amyloid deposition; 
recently, we identified a class of individuals who have low concentrations 
of cerebrospinal-fluid AB,, but show no evidence of amyloid on PET PIB 
scans” (Fig. 2a). The autopsy of one of these individuals showed wide- 
spread diffuse — but minimal fibrillar — amyloid-plaque deposits”. Thus, 
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cerebrospinal-fluid AB,, may have utility as a biomarker for diagnosis, 
plaque burden and prognosis, and may provide the earliest clue to the 
identification of preclinical Alzheimer’s disease (as defined by the emer- 
gence of amyloid-f deposition). 

The utility of plasma AB,, as a biomarker for Alzheimer’s disease 
is less compelling. Concentrations of AB,, in cerebrospinal fluid and 
plasma show no apparent correlation”. Some studies suggest that 
the AB,)/AB,, ratio in plasma may be predictive of conversion from 
cognitive normalcy to mild cognitive impairment and Alzheimer’s dis- 
ease’”**, but the plasma amyloid-B markers do not seem to approach the 
predictive value of cerebrospinal-fluid AB,,. 

Tau is a cytosolic protein predominantly expressed in neurons, 
wherein its primary function seems to be regulation of microtubule 
stability within the axon. This function is regulated by several different 
post-translational modifications, principally phosphorylation of numer- 
ous serine and threonine residues. In Alzheimer’s disease, hyperphos- 
phorylated tau often fills the dystrophic neurites of neuritic plaques and 
is the principal component of the paired helical filaments that constitute 
NFTs (Fig. 3a). The precise forms of tau that appear in the cerebrospinal 
fluid, and the mechanism or mechanisms by which they get there, are 
not entirely understood, but recent studies” demonstrate that virtually 
all domains of the protein are represented, and it is widely assumed (but 
not proven) that the major sources of tau and phosphorylated tau in 
the cerebrospinal fluid of sufferers of Alzheimer’s disease are neuronal 
injury or death and possibly neurofibrillary tangles. 

Like AB,,, tau and phosphorylated tau have emerged as important 
cerebrospinal-fluid biomarkers for Alzheimer’s disease. Mean concen- 
trations of tau and phosphorylated tau are higher in the cerebrospinal 
fluid of subjects with Alzheimer’s disease than in that of age-matched 


Figure 2 | Imaging biomarkers. a, Relationship of PIB PET to cerebrospinal- 
fluid AB,, concentration in cognitively normal individuals. Subjects with 
mean cortical PIB binding potentials >0.16 (calculated from an average 

of PIB retention in the prefrontal cortex, the lateral temporal cortex, the 
precuneus and the gyrus rectus, divided by PIB retention in the cerebellar 
cortex) are considered PIB-positive and uniformly have low CSF 

AB, concentrations (<500 pg ml"); PIB-negative subjects with low AB,, 
concentrations may have non-fibrillar (diffuse) AB,, deposits that do 

not retain PIB. Whether non-demented individuals with high PIB and/ 

or low cerebrospinal-fluid AB,, are more likely to develop dementia than 
those with low PIB and/or high cerebrospinal-fluid AB,, has not yet been 
reported on for large numbers of people, but an initial study supports this 
idea”’. b, Axial (horizontal) view of Alzheimer’s brain, imaged to quantify 
amyloid (PIB PET), annual rates of regional atrophy (quantitative MRI) 
and hypometabolism in relation to dementia severity (fluorodeoxyglucose 
PET). The intensity of the PIB binding potential is depicted using a colour 
scale (approximated by the colours in a) in which red reflects greatest 

PIB retention, and black and dark blue reflect least PIB retention. The 
regional extent of atrophy is depicted colorimetrically, with rates ranging 
from 0.4% per year (dark blue) to 1% per year (yellow/green). Regional 
hypometabolism is also depicted colorimetrically, with red and yellow 
representing greater and lesser hypometabolism, respectively. The units of 
this scale reflect the slope of the regression between hypometabolism and 
dementia severity as measured by mini-mental status examination; high 
slope suggests a steeper decline in metabolism in relation to decreasing 
cognitive ability. c, Illustrations of left hemi-brain surfaces (medial, left; 
lateral, right), allowing comparison of averaged anatomical signal maps 
for amyloid (top), atrophy (second from top), hypometabolism (third 

from top) and default-network activity (bottom). Regional amyloid load 
(PIB binding potential) is depicted as percentage increase of PIB binding 
potential over that of the brainstem, ranging from 5% (red) to 40% (yellow/ 
white). Colorimetric scales for atrophy and hypometabolism are as in b. 
The colour scale for regional default-network activity shows the degree 

of association, ranging from greatest association with default-network 
activity (light blue) to least statistically significant association (darker blue). 
(Panels a and b (top view) modified, with permission, from ref. 20; panels b 
(remaining views) and c modified, with permission, from ref. 28.) 


controls” (Fig. 3b). These increases appear in the setting of formed 
fibrillar amyloid deposits” (consistent with the amyloid cascade hypoth- 
esis), and correlate with both neuritic-plaque density and Braak NFT 
stage”. In conjunction with AB,,, tauand phosphorylated tau seem to be 
useful as prognostic biomarkers for conversion to dementia from cogni- 
tive normalcy or mild cognitive impairment” (Fig. 3c). 

Together, these results suggest that longitudinal measurements of 
cerebrospinal-fluid A®,, and tau may allow clinicians to monitor and 
even predict the progress of Alzheimer’s disease pathology throughout 
its entire course. Of course, the pathophysiology of the disease involves 
many more processes than amyloid-6 deposition and NFT formation. 
Amyloid precursor protein is cleaved by B-secretase and y-secretase 
complexes. Once released as monomers, amyloid-f may form oligomers 
that are cytotoxic and/or neuromodulatory. To form plaques, amyloid-B 
must accumulate. Once amyloid-6 has formed oligomers and amyloid 
deposits, microglial cells become activated and migrate towards plaques 
as they form”. Astrocytes become reactive, and numerous inflammatory 
mediators, signalling molecules, oxidative processes, complement cas- 
cades and modulators of protease activities and protein-folding activities 
are released. Dendrites and axons in the vicinity of plaques become dys- 
trophic as transport processes malfunction. The metabolism of the brain 
changes”. Amyloid-f is deposited in vessel walls. In addition to forming 
NFTs, neurons show many other changes. Synapses exhibit dysfunction 
and are lost. Neurons die. Each of these changes — and others not men- 
tioned and not yet recognized — may represent a therapeutic target and 
may also cause changes in the composition of the cerebrospinal fluid and 
plasma. Recognizing this potential, many research groups continue to 
search for other fluid biomarkers that may complement or improve the 
well-established utility of cerebrospinal-fluid AB, and tau. 
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Oxidative stress and inflammation 

Increasing evidence implicates oxidative damage as a mediator of toxicity 
in Alzheimer’s disease. By-products of lipid peroxidation (isoprostanes) 
and RNA oxidation (8-hydroxyguanine) have shown the most promise 
as biomarkers. Produced by free-radical-mediated peroxidation of poly- 
unsaturated fatty acids, isoprostanes in cerebrospinal fluid are increased 


in Alzheimer’s disease™*”’ and may predict the development of mild 


cognitive impairment and Alzheimer’s disease”. The utility of plasma 
isoprostanes as biomarkers for the disease is less promising; some”, but 
not all°®, studies have found elevated concentrations in subjects with 
Alzheimer’s disease relative to controls. The other oxidative marker, 
8-hydroxyguanine, representing oxidized RNA, has been reported to 
be elevated in the cerebrospinal fluid of subjects with Alzheimer’s disease 
in one small study” and is worthy of further research. 

Inflammation, represented by plaque-associated microglia and astro- 
cytes, is also implicated in Alzheimer’s disease pathology. In addition to 
any immediate role these inflammatory cells may have, their secreted 
products — including acute-phase proteins such as a,-antichymotrypsin 
(ACT, also known as SERPINA3 protein)* and a,-macroglobulin (a2M)”, 
activated factors of the classical pathway of complement”, and cytokines 
such as interleukin-16 (IL-1) and tumour-necrosis factor-a (TNF-a, also 
known as TNF) — persist within plaques. Although the contribution of 
these deposited inflammatory mediators to the pathophysiology of Alzhe- 
imer’s disease is not entirely clear, there is evidence to suggest that they 
have an important role. 
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Appearing in cerebrospinal fluid in proportion to cognitive impair- 
ment, ACT has emerged as a potential biomarker for Alzheimer’s dis- 
ease”, although its utility in plasma — and that of a2M — remains 
unclear. By comparison, fluid biomarker studies of complement 
factors (C3a anaphylatoxin chemotactic receptor and Clq) have been 
inconclusive®, as have more traditional fluid biomarker studies of 
cytokines”. 

In contrast, supporting a role for cytokines in Alzheimer’s disease, 
several groups have measured their spontaneous production by mono- 
nuclear cells obtained from the peripheral blood (PBMCs). This approach 
is relevant to Alzheimer’s disease because perivascular macrophages and 
microglia derived from circulating monocytes may participate in intra- 
parenchymal inflammation in the brain®. In one report, PBMCs from 
sufferers of the disease produced larger amounts of cytokines than PBMCs 
from controls”; in another study of over 600 participants, increased PBMC 
production of either IL-18 or TNF-a was associated with increased hazard 
ratios for developing the disease”. 

Other recent work, measuring 120 signalling proteins in plasma, sug- 
gested that sporadic Alzheimer’s disease may be accompanied — and 
diagnosed in its very early stages — by a systemic inflammatory state 
characterized by a panel of 18 signalling molecules”. If confirmed, this 
biomarker discovery’”’ demonstrates the potential power of multiple 
biomarkers incorporated into a panel to diagnose Alzheimer’s disease 
accurately, and also illustrates the value ofa less-targeted, ‘unbiased; high- 
throughput approach to biomarker discovery. 
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Figure 3 | Fluid biomarkers. a, Schematic histological representation of fluid 
biomarkers in relation to Alzheimer’s disease pathology. Produced by neurons, 
AB,, becomes deposited in plaques, which activate microglia. Microglia release 
cytokines (for example IL-16 and TNF-a) that can cross the blood-brain 
barrier and activate astrocytes, inducing production of a,-antichymotrypsin 
(ACT) and a,-macroglobulin (42M). Microglia and neurons also produce 
complement factors that can be activated by amyloid-B aggregates, and cause 
synapse loss. Tau becomes hyperphosphorylated and aggregates into NFTs 

in neurons and dystrophic neurites around plaques; its mechanism of release 
from neurons is uncertain. Lipid peroxidation in neurons leads to isoprostane 
formation (not shown). Most factors entering the extracellular space migrate 
into the cerebrospinal fluid (CSF); A$,, preferentially partitions into plaques. 
b, Representative data demonstrating utility of CSF concentrations of AB,, 


920 


(left) and tau (right) in distinguishing groups of subjects with Alzheimer’s 
disease and age-matched controls. Boxes represent the 25th, 50th and 75th 
centiles of the data; box length is interquartile range; lower and upper whiskers 
represent the 25th and, respectively, 75th centiles plus/minus 1.5 times the 
interquartile range. (Reproduced, with permission, from ref. 78.) c, Ratio of 
CSF concentrations of tau and AB, as predictors of conversion from cognitive 
normalcy to mild cognitive impairment or dementia, using Kaplan-Meier 
estimates of rates of conversion with a cut-off value of 1.15 (representing 

the top 15% of distribution values). More than 80% of subjects with low tau 
and high AB, (tau/AB,, < 1.15; dashed line) remain cognitively normal four 
years after baseline assessment; among those with high tau and low AB, 
(tau/AB,, 21.15; solid line), approximately 30% remain cognitively normal. 
(Reproduced, with permission, from ref. 41.) 
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Proteomics 


Ongoing advances in mass spectrometry and protein-handling technol- 
ogy continue to broaden the methodological diversity and increase the 
sensitivity of proteomic analyses; as many as several thousand proteins 
can now be measured in a sample of human cerebrospinal fluid. Com- 
plementing the ‘directed’ fluid biomarker investigations discussed above, 
several groups have pursued ‘unbiased’ proteomics to discover novel 
Alzheimer’s disease biomarkers empirically in cerebrospinal fluid”. 
Using different techniques, these studies have generated multiple lists of 
candidate biomarker proteins that show individual and collective abili- 
ties to ‘recognize’ and classify samples appropriately. A comprehensive 
discussion of these proteomic studies is beyond the scope of this Review; 
however, the following observations are worthy of note. 

First, many of the proteins that distinguish the Alzheimer’s disease 
cerebrospinal-fluid proteome reflect the pathological changes already 
known to occur in the Alzheimer’s brain. Therefore, new candidate 
biomarkers without known relevance to the disease may provide clues 
into pathophysiological processes that are underappreciated or are not yet 
recognized. Second, in our experience, post-translational modification 
— limited proteolysis in vivo in particular— seems to be common among 
cerebrospinal-fluid proteins showing differential abundance in Alzheimer’s 
disease. Yet when proteins are identified by mass spectrometric evaluation 
of trypsinized fragments, such modifications may be overlooked. This issue 
has received relatively little attention, despite its critical importance to the 
design of assays that might be used in validation experiments for these 
biomarkers. Third, and finally, most proteomics studies reported so far 
have compared subjects who have Alzheimer’s disease with age-matched 
non-demented controls (or with controls who have a dementia other than 
Alzheimer’s disease) and are therefore designed to identify diagnostic 
biomarkers. To advance the discovery of predictive or surrogate biomark- 
ers using unbiased proteomics, more studies should compare groups of 
subjects with Alzheimer’s disease that differ in terms of rate of progression, 
presence of amyloid and tau deposits, or other relevant characteristics. 


Monitoring biomarker metabolism and treatment effects 

As treatments that target the production or clearance of specific mol- 
ecules involved in the pathophysiology of Alzheimer’s disease come to 
clinical trial, the capacity to monitor the metabolism of relevant fluid 
biomarkers before, during and after drug administration would be very 
helpful in verifying treatment effect and optimizing dosage. To this end, 
a new in vivo technique has been developed to measure the production 
and clearance rates of cerebrospinal-fluid proteins in human subjects. In 
this technique, a stable (non-radioactive) isotope-labelled amino acid 
(for example '*C,-leucine) is administered intravenously and becomes 
incorporated into newly synthesized proteins. Cerebrospinal fluid and 
plasma are sampled using intrathecal and intravenous catheters. Using 
liquid chromatography and tandem mass spectroscopy (LC-MS/MS) to 
compare labelled and unlabelled proteins over time and/or at different 
doses of a candidate therapeutic agent, very precise synthesis, clearance 
and dose-response curves can be developed. This technique was first 
applied to determine the synthesis and clearance rates of amyloid-f in the 
central nervous system” and was used more recently in a randomized, 
double-blind, placebo-controlled study to demonstrate the pharmaco- 
kinetic/pharmacodynamic relationship between an inhibitor of amyloid-6 
synthesis and the absolute rate of amyloid-f synthesis in the central nerv- 
ous system”*. The potential of this technique is that it automatically labels 
all newly synthesized proteins when using the appropriate precursor; as 
such, it should allow evaluation of the metabolism of other proteins rel- 
evant to Alzheimer’s disease (and other neurodegenerative diseases) and 
the metabolism of multiple biomarkers simultaneously. 


Future directions 

Advances in technology, knowledge and perspective now promise the 
tools to diagnose, monitor and predict the course of sporadic Alzheimer’s 
disease, even before clinical symptoms begin. Of equal importance is that 
parallel advances promise treatments for Alzheimer’s disease that will 
make such information far more valuable. Nevertheless, achieving these 


goals will require a great deal more work. More-effective radiographic 
biomarkers are needed to monitor central nervous system inflammation 
and tau pathology, as well as other neurodegenerative features. Likewise, 
fluid biomarkers are needed that can distinguish Alzheimer’s disease from 
other types of dementia and provide even better prognostic information. 
Once identified, biomarker assays must be standardized in forms that are 
amenable for use in existing clinical laboratories and that can be evaluated 
in suitably large sample sets. To facilitate such biomarker validation studies 
and provide sufficient statistical power, longitudinally followed cohorts of 
study participants (including individuals with a dementia other than Alz- 
heimer’s disease), complete with uniformly collected and stored specimens, 
must continue to grow in size and number; a successful example of this is 
the Alzheimer’s Disease Neuroimaging Initiative (http://www.adni-info. 
org). Finally, once this work has identified a satisfactory panel of antecedent 
Alzheimer’s disease biomarkers, and one or more effective treatments for 
the disease have been approved, appropriate clinical guidelines must be 
developed to support and encourage widespread clinical testing. 

In the more distant future, we may be able to evaluate risk for Alz- 
heimer’s disease even earlier in life. Just as biomarker data from well-char- 
acterized, longitudinally followed cohorts of study participants may be 
interpreted to guide diagnosis, estimate prognosis and monitor response 
to treatments, they will also be used to identify genetic markers that are 
associated with particular biomarker values. In comparison with genetic 
studies of Alzheimer’s disease that rely on less precise diagnoses that are 
clinically based, genetic studies based on quantitative endophenotype 
data can provide greater statistical power’. Indeed, quantitative biomar- 
ker data have already been used with success in genetic studies of Alz- 
heimer’s disease. Elevated concentrations of cerebrospinal-fluid tau and 
phosphorylated tau have been found to associate with single-nucleotide 
polymorphisms in the MAPT gene (from which tau protein is produced). 
Likewise, concentrations of amyloid-f in cerebrospinal fluid have been 
found to associate with polymorphisms in several genes”. In this way, by 
‘converting’ endophenotype data derived from fluid and imaging biomar- 
kers to novel genetic biomarkers, it may be possible to identify individuals 
at greater risk of developing Alzheimer’s disease and, in the near future, 
provide treatment options before even a single plaque has formed. 
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Reverse engineering the mouse brain 


Daniel H. O’Connor', Daniel Huber' & Karel Svoboda’ 


Behaviour is governed by activity in highly structured neural circuits. Genetically targeted sensors and 
switches facilitate measurement and manipulation of activity in vivo, linking activity in defined nodes of neural 
circuits to behaviour. Because of access to specific cell types, these molecular tools will have the largest 
impact in genetic model systems such as the mouse. Emerging assays of mouse behaviour are beginning to 
rival those of behaving monkeys in terms of stimulus and behavioural control. We predict that the confluence 
of new behavioural and molecular tools in the mouse will reveal the logic of complex mammalian circuits. 


A central goal of modern neuroscience is to link the dynamics of 
neural circuits to behaviour. The operational principles of a neural 
circuit must be deduced through analysis of its structure and func- 
tion, a process generically referred to as reverse engineering. Here we 
advocate a programme of reverse engineering with the aim of link- 
ing patterns of action potentials in distinct nodes of neural circuits to 
animal behaviour. 

The circuit diagram, depicting the connections between defined groups 
of neurons, is necessary to decipher the function of neural circuits. The 
first step in reverse engineering is the enumeration of the elemental com- 
ponents of the circuit, the cell types', typically on the basis of dendritic and 
axonal structure. Cell types often express distinct patterns of genes, which 
potentially provide access to these cell types by transgenesis”” (Fig. 1). 
In some regions of the brain, such as the retina and the cerebellum, the 
major cell types are known. In other regions, such as the cerebral cortex, 
discovery of cell types is ongoing. Each cortical layer corresponds neatly 
to distinct sets of neurons* (Fig. 1). However, each layer harbours multiple 
intermingled cell types; the total number of neocortical cell types and their 
relative proportions remain to be determined. 

The second step in reverse engineering requires mapping the connec- 
tions between cell types. In some structures, such as the cerebellum, the 
connectivity at the level of cell types is well understood. Neuroanatomists 
and electrophysiologists have measured the connections between the 
major types of neuron in the neocortex on the basis of position*’. For 
example, in brain slices of the mouse barrel cortex, the functional connec- 
tions between excitatory neurons in different layers have been mapped” 
(Fig. 1a). Although this circuit diagram is only a rough draft (see refs 8, 9 
for evidence of fine-scale specificity beyond cell types), it reveals that 
neocortical cell types are connected into orderly circuits. 

Because neural circuits have evolved to support specific types of 
behaviour, the functional logic of neural circuits can probably only be 
determined in the context of behavioural experiments that engage the cir- 
cuits of interest. The third step in reverse engineering therefore requires 
recording the activity of specific cell types in behaving animals. Measure- 
ments of spiking activity in behaving subjects are typically made with 
extracellular recordings of single units'”’. In these measurements, the 
cell type and the unit’s relationship with the underlying neural circuit are 
poorly defined. Responses from all types of neuron are mixed together 
(however, see refs 10, 13). In addition, neurons are detected on the basis of 
brisk responses to selected stimuli. These and other factors cause strong 
sampling biases, a problem that was recognized by early investigators in 
the field’*”* but is often underappreciated. Perhaps as a consequence, cur- 
rent network models of cortical activity can afford to ignore information 


about cortical cell types and connectivity and represent all cortical 
neurons bya few simple cell types, connected in generic ways’*"*. Assign- 
ing patterns of activity to defined nodes in the circuit diagram requires 
cell-type-specific methods for neurophysiology. 

Measurements of neural activity naturally lead to models of the com- 
putations performed by neural circuits'*’. However, inferring design 
principles from measurements of neural activity alone is treacherous’®. 
Hypotheses ultimately need to be tested by manipulating neural activ- 
ity during behaviour. The fourth step in reverse engineering therefore 
requires inactivation and activation of specific cell types. Classical 
experiments involving lesions (reversible and permanent) and electri- 
cal microstimulation have led to major discoveries in neuroscience, for 
example about the neural basis of movement” and perception”. How- 
ever, these methods lack cell-type specificity and reveal relatively little 
about circuit-level mechanisms, except in unusual circumstances”. 
Routine manipulation of defined nodes of the circuit diagram will 
require cell-type-specific methods for controlling neural activity. 

Molecular tools to interrogate and manipulate defined cell types in 
intact circuits, which have long been advocated”, are now becoming 
a reality. These tools will allow reverse engineering of neural circuits 
with the precise goal of linking patterns of activity in specific cell types, 
within well-defined neural circuits, to animal behaviour. Because of 
the power of genetic methods, these tools are most amenable to use in 
genetically tractable organisms. Among mammals, the mouse holds a 
special place as the only established genetic model system. 

Here we review recent progress in the deployment of these molecular 
tools in behaving mice. We discuss advances in mouse behavioural experi- 
ments with excellent stimulus control, quantitative behavioural meas- 
urements and repeatability. We argue that the confluence of molecular 
methods for circuit analysis, genetic targeting in mice and quantitative 
mouse behaviour will help to establish causal relationships between pat- 
terns of action potentials in specific neuronal populations and behaviour. 
Beyond the analysis of cell types, it may be possible to directly explore the 
function of heterogeneous response types within a single class of neuron. 
The examples we consider focus on neocortical mechanisms of perceptual 
behaviour in mice, reflecting space limitations and our research interests, 
but the concepts and techniques we discuss are applicable to other prob- 
lems in genetic or, with limitations, non-genetic model organisms. 


Molecules for cell-type-specific physiology 

Protein sensors and switches are beginning to revolutionize neuro- 
anatomy and neurophysiology in genetic model organisms (see ref. 3 
for a discussion of the complex technical issues involved in the use of 
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Figure 1| Major excitatory pathways in the mouse somatosensory 

cortex and genetic access to the cell types. a, Circuit diagram”. Blue, 
ascending thalamocortical input from the ventral posterior medial 
nucleus (VPM) and the medial subdivision of the posterior nucleus 
(POm); orange, intracortical (including from whisker-related motor 
cortex (vM1)) and descending projections; red, dendritic arborizations. 
b-g, Sections through the somatosensory cortex of bacterial artificial 
chromosome (BAC)-transgenic mice: Scnnla-Tg3-Cre driver line crossed 
with reporter mice, labelling L4 stellate cells (b); Wfs1-Tg2-Cre driver 
line crossed with reporter mice, labelling L2/3 pyramidal neurons (c); 


these methods). Protein sensors convert changes in neural state (for 
example membrane potential, Ca** concentration ([Ca”*]), exocytosis, 
protein-protein interaction) to changes in fluorescence signals. Geneti- 
cally encoded calcium indicators are particularly promising for neuro- 
physiology because they efficiently monitor cytoplasmic [Ca’*] changes 
induced by trains of action potentials’, but genetically encoded voltage 
sensors are catching up™. Imaging populations of neurons expressing 
protein indicators may allow measurement of activity in multiple — 
perhaps all — neurons of a particular type over time” (Fig. 2). 

The development of genetically targeted molecular switches has 
made possible the manipulation of activity in defined cell types in 
intact mice with relatively high temporal and spatial precision’. Protein 
switches couple light, or the application of small-molecule drugs, to 
hyperpolarization or depolarization of the neuronal membrane or 
to changes in synaptic transmission. Inducible silencing, for example 
using small-molecule or light-gated channels, can be used to determine 
whether activity in specific cell types is necessary for behaviour. Indu- 
cible activation can be used to test whether activity in specific cell types 
is sufficient to drive behaviour. The light-sensitive channel channel- 
rhodopsin-2 (ChR2) from Chlamydomonas reinhardtii has proven to 
be especially useful and versatile**: ChR2-expressing neurons can be 
entrained by light to fire precisely timed trains of action potentials”. 
ChR2 can thus establish causality between precise patterns of activity 
in a specific set of neurons and behaviour” *’. ChR2 can also be used 
to map the postsynaptic partners of ChR2-expressing neurons” and to 
identify specific types of neuron, tagged by ChR2 expression, in blind 
extracellular recordings”. 

Protein sensors and switches can be targeted to specific cell types using 
a variety of genetic methods’. Genetic targeting is not limited to genetic 
model systems. For example, in some cases cell-type-specific expression 
can be achieved by including cis-regulatory elements in viral promo- 
ters***’. However, by far the most versatile methods rely on transgenic 
mice expressing ‘drivers’ (typically Cre recombinase) in specific cell 
types’ (Fig. 1). The driver mice can be mated with mice containing 
‘floxed-stop’ reporter alleles to achieve expression of sensors or switches 
in the cell types of interest. Alternatively, the reporter can be carried ina 
Cre-dependent viral vector*®. Cre mice are currently being produced in 
large-scale projects (for example the Gene Expression Nervous System 
Atlas (http://www.gensat.org) and the Allen Institute for Brain Science 
transgenic mouse study (http://transgenicmouse.alleninstitute.org)), 
informed by comprehensive gene expression databases (such as the 
Allen Mouse Brain Atlas (http://mouse.brain-map.org)). 

Protein switches have already been used to analyse the contributions 
of specific cell types to behaviour. Early in vivo studies using molecular 
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Ntsr1-Cre line’ crossed with reporter mice, labelling corticothalamic L6 
neurons (d); Etv1-Cre line’ crossed with reporter mice, labelling mainly 
L5a corticostriatal neurons (e); Glt25d2 line expressing green fluorescent 
protein, labelling mainly L5b neurons (f); spatially restricted Cre- 
dependent expression of fluorescent protein in L5a after injection 

of reporter virus® into Etv1-Cre mice (g). (Images courtesy of 

H. Zeng (Allen Institute for Brain Science, Seattle, Washington) (b, c), 

N. Heintz and E. Schmidt (GENSAT Project, Rockefeller University, 

New York) (d-f) and T. Mao (Janelia Farm Research Campus, Ashburn, 
Virginia) (g). 


silencers were mainly designed to demonstrate the methods’. However, 
molecular silencers have begun to reveal the functions of specific cell types 
in the context of innate behaviour. For example, silencing somatostatin- 
positive neurons in the pre-Bétzinger complex causes rapid respiratory 
failure, linking activity in these neurons to the control of breathing”. 

Photostimulation of ChR2-positive neurons in vivo has established 
causal links between electrical activity in specific types of neuron and 
behaviour. For example, dopaminergic neurons in the ventral tegmental 
area are thought to encode reward-prediction errors, but it is unclear 
whether changes in activity in these neurons are sufficient to signal 
reward or aversive stimuli. Expression of ChR2 in dopaminergic neurons 
in the ventral tegmental area allows control of the activity of these neu- 
rons in behaving mice”’. Pairing short epochs of high-frequency photo- 
stimulation with mouse exploration of one of two chambers produced 
a place preference for that chamber, demonstrating that phasic firing in 
dopaminergic neurons by itself can cause behavioural conditioning. 

So far, protein switches have been applied to manipulate relatively 
slow processes, in which behavioural changes are observed seconds or 
more after stimulation, driven by peptidergic” or neuromodulatory”" 
systems. Typical reaction times for complex sensory-guided behaviours 
are on the order of 200 ms (ref. 37). The neural activity underlying 
these behaviours crosses multiple synapses. The core neural circuits 
implementing behaviour are likely to be driven largely by glutama- 
tergic and GABAergic (y-aminobutyric-acid-producing) neurons 
with fast dynamics in the 1-10-ms range. To reverse engineer these 
fast processes, it is therefore necessary to monitor behavioural param- 
eters while measuring and controlling neural activity, ideally in a rapid 
closed loop, all on a millisecond-by-millisecond basis. 


Mouse behaviour 
New molecular tools for cell-type-specific neurophysiology and manip- 
ulation facilitate genetic dissection of neural circuits in the mouse, 
but the limited demonstrated behavioural potential of the mouse is 
often perceived as a major obstacle. New mouse lines are routinely 
subjected to a battery of tests for the basic characterization of sensory, 
cognitive, motor and temperamental traits™* (see also the Mouse Phe- 
nome Database from The Jackson Laboratory (http://www.jax.org/ 
phenome)). These assays are used to describe differences across groups 
of animals. Although the standardization achieved using these tests is 
unmatched in the field of animal behaviour, the levels of behavioural 
control are often inadequate to determine the relationships between 
sensory stimuli, behaviour and neural activity. 

Tasks based on mazes or arenas, such as the Morris water maze”, in 
which a mouse must remember and swim to the location of a hidden 
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platform, have shed light on the neural and molecular basis of spatial 
learning and memory’. Maze tasks have been adapted to assay sensory 
discrimination” and working memory”. However, maze tasks yield 
few trials (typically tens of trials) and stimulus control is relatively poor 
because the animal is free to move with respect to the stimuli. 

The head-fixed, behaving monkey preparation has been the ‘gold 
standard’ in the exploration of the dynamics of the mammalian brain, 
and of the cerebral cortex in particular. Monkeys are typically trained 
on tasks designed to isolate the core sensory’””’, cognitive” or motor 
functions” of interest. Head fixation and body restraint provide a high 
degree of stimulus control (for example visual scene) and behavioural 
read-out (for example eye or arm position)'”’”. Monkeys perform many 
hundreds of trials per day for a juice reward. The combination of precise 
stimulus control, monitoring of motor output and single-unit record- 
ings over large numbers of trials is the foundation on which many con- 
ceptually rich and quantitative studies of the neural basis of sensation, 
cognition and movement have been built. Monkey experiments have 
also led the way in separating causation from correlation in neuro- 
physiological experiments’””’, but cell-type-specific measurements 
and manipulation will probably remain exceptional in monkeys”. In 
contrast, in the mouse brain, cell-type-specific neurobiology is becom- 
ing routine. 

Inspired by the experiments on behaving monkeys, procedures for 
quantitative head-fixed behaviours are being developed for mice. Motor 
learning in the vestibulo-ocular reflex, long studied in monkeys, has 
been adapted to the mouse”. Head fixation is central to this scheme, 
because precise control of head motion with respect to visual stimuli is 
essential, as is precise measurement of eye position. Head-fixed mice 
can also run freely on spherical treadmills“. In this experimental situa- 
tion, complex terrains could be simulated in closed-loop virtual-reality 
environments, making possible the study of navigation with precise 
experimental control. 

Beyond reflexive behaviour, mice have also been trained in choice- 
based, learned tasks. Studies in olfaction have come close to matching 
the standard of monkey experiments for experimental control and trial 
repeatability. In olfactory discrimination tasks, mice sample odours and 
learn to choose a correct response on the basis of the identities of two 
odours, often with performance levels approaching 100% for simple 
discriminations*“*. In these types of experiment, mice are motivated 
by thirst — as in most monkey studies but in contrast to most other 
rodent work — and routinely perform hundreds of trials. 

In the remainder of this Review, we draw examples from the somato- 
sensory system of mice. Rodents use their whiskers to detect and locate 
objects when moving through an environment”. The measurement 
of the locations of object features is also an important aspect of object 
identification. Inspired by previous work in freely moving rats’, we 
have trained head-fixed mice to locate an object (a vertical pole) near 
their heads with their whiskers (Fig. 3). In each trial, mice report with 
go/no-go lick responses whether the pole has been presented in a target 
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Figure 2 | Monitoring the activity of large neuronal populations with a 
genetically encoded calcium indicator. a, Overlay of bright-field (grey) and 
wide-field fluorescence (green, virally expressed indicator) images of mouse 
neocortex. b, Two-photon image showing approximately 500 L2/3 neurons 


location or in a distractor location. Mice perform at high levels (>90% 
correct for simple discriminations) for hundreds of trials (Fig. 3c). 
High-speed imaging of whisker position reveals the whisker motor 
programs underlying somatosensory discrimination. Changes in 
whisker shape, caused by contact between whisker and object, report 
the mechanical inputs to the somatosensory system” (Fig. 3a). The 
object-localization task is ideally suited to probing the cortical basis of 
tactile spatial perception and sensorimotor integration in the context 
of active sensation. 

Repeatability over hundreds of trials, a major strength of monkey 
studies that is now achievable with mice, allows powerful statistical 
analyses but also merits a caveat. In these tasks, animals become expert 
performers in a specific task. The neural activity, and even the basic 
circuits, underlying a specific behaviour can change profoundly with 
expertise”, and may differ from those underlying natural behaviours. 
Massively parallel recordings of single neurons may eventually obviate 
the statistical need to accumulate data over many repeated trials”. 

Behaving mice are emerging as an important model in systems 
neurobiology. Because of genetic access to cell types, the use of mice 
will allow more precise and reductionist neuron-level experiments than 
will the use of head-fixed monkeys. Next, we illustrate this point by 
outlining possible experiments in mice performing the somatosensory 
discrimination task. 


Reverse engineering neocortical circuits 

Rodents move their whiskers in the horizontal plane to localize objects 
along the anterior—posterior axis (Fig. 3a). It is not clear what neu- 
ral mechanisms underlie the encoding of horizontal object location. 
Object location is computed, at least in part, in the barrel cortex. Infor- 
mation about contact between whisker and object appears in the barrel 
cortex as a brief burst of action potentials coincident with mechanical 
forces on the whiskers” (Fig. 3b, c). As a whisker protracts, objects 
that are more distant are contacted later in a whisk cycle. The timing of 
these action potentials within the whisk cycle could therefore encode 
horizontal location”. 

Information about whisker-object contact is conveyed by the ventral 
posterior medial nucleus of the thalamus to stellate cells in L4 barrels 
(Fig. 1a; L, cortical layer). The only other major excitatory input received 
by stellate cells comes from other stellate cells in the same barrel, which 
are presumably excited by deflection of the same whisker*. The L4 bar- 
rel relays peripheral contact signals to cortical targets, mainly in L3. L3 
neurons project to L5 neurons, which include the major output neurons 
of the cortex. 

To determine whether a short burst of activity (Fig. 3b, c) in L4 neurons 
is necessary and sufficient to perceive object location, molecular switches 
can be targeted to L4 neurons by using mouse lines expressing Cre in 
L4 (for example the Six3Cre transgenic mouse line 69 (ref. 56) or the 
Scnnla-Tg3-Cre line from the Allen Institute for Brain Science; Fig. 1b). 
Stereotactic injection of adeno-associated virus, expressing switches ina 


a 


100% 
AF/F 
20s 
expressing the calcium indicator. c, Example traces showing neural-activity- 
induced calcium transients in multiple individual neurons. Images are 


from awake, head-fixed mice (see also Fig. 3). AF/F, change in fluorescence 
divided by baseline fluorescence. 
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Figure 3 | Tactile object localization in the head-fixed mouse. a, Schematic 
of apparatus for behaviour, high-speed videography, neurophysiological 
recording, neuron-level imaging and optical stimulation. A head-fixed 
mouse moves its whiskers to determine the location of a small pole 
presented on one side of its head. In each trial, the pole is moved vertically 
to within reach of the whiskers, in either a target or a distractor location. 
Behavioural choice is reported with go/no-go licking. High-speed video 
measures the positions and shapes of whiskers as they search for and 
contact the pole (left-hand image panels). Neural activity can be monitored 
using electrophysiology and two-photon microscopy, or manipulated with 
optical stimulation. NA, numerical aperture. b, Example trials showing 
behaviour and action potentials for two neurons (left and right). c, Rasters 
of 242 trials for two neurons: black tick-marks represent action-potential 
times; blue tick-marks represent licks. Horizontal green and red bars to 
the right of each raster indicate trials that were correct and incorrect, 
respectively. Although recorded in the barrel cortex of the same mouse, 
the two cells show different patterns of activity. 
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Cre-dependent manner, causes expression in L4 neurons in these mice”. 
Somatotopic specificity can be achieved by injecting the virus into the 
barrel column corresponding to a specific whisker (Fig. 1g), aided by 
intrinsic signal imaging”. 

Expression of small-molecule-activated K* channels” could be used 
to silence L4 neurons reversibly on a timescale of one hour, correspond- 
ing to a typical behavioural session. The behavioural performance in 
sessions before, during and after silencing would indicate whether 
activity in L4 neurons is necessary for object localization. However, 
prolonged silencing over many trials might confuse or discourage the 
animal because of loss of reward. This confound can probably be solved 
with rapid light-activated silencing methods, such as using the light- 
sensitive chloride pump Natronomonas pharaonis halorhodopsin®”, 
which can provide silencing at the level of single trials. 

The timing of a brief burst of activity beginning in L4 neurons may 
be sufficient to determine horizontal object location. Precisely timed 
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ChR2 photostimulation of L4 neurons, with the goal of producing fictive 
objects, could be used to test this hypothesis. The speed of active sensa- 
tion presents challenges: whiskers move millimetres in milliseconds. 
The photostimuli therefore need to be triggered with millisecond 
accuracy by whisker position. This type of closed-loop experiment is 
allowed by the precise behavioural control made possible by head fixa- 
tion. If the mouse responds to photostimulation of L4 neurons (the 
fictive object) as if true contact had been made (based on the trained 
stimulus—response associations), it can be inferred that a timed burst of 
activity in L4 neurons is sufficient to lead to the percept of object con- 
tact at a particular location. Similar approaches could be used to impose 
more subtle perturbations of activity, such as changing the temporal 
correlations in spike trains. 

Testing the necessity and sufficiency of different patterns of neural 
activity during tactile object localization can be extended to other geneti- 
cally accessible cell types within the circuit (Fig. 1). For example, action- 
potential timing as a code for object distance can only be interpreted in 
the context ofa signal encoding the position of the whisker over time”. 
Some barrel cortex neurons show activity that is modulated by whisking. 
A subset of neurons show brief responses modulated by the whisking 
cycle, suggesting that they could encode object location within whisker 
phase”. Cortical (whisker-related primary motor cortex) and thalamic 
(medial subdivision of the posterior nucleus) regions have been proposed 
as the source of the whisker-position reference signal” (Fig. 1a). Molecu- 
lar switches, in the context of quantitative behaviour, are well suited to 
revealing the identity and properties of this reference signal. 


Synthetic brain science 

In the previous section, we considered the manipulation of cell types to 
study the role of these neurons in normal sensation. However, stimula- 
tion of subsets of neurons can also be used as a ‘synthetic stimulus’ to 
probe fundamental properties of neural circuits. 

For instance, the observation that some types of neuron show 
extremely sparse activity in vivo” raises the possibility that sparse activ- 
ity patterns can be sufficient to drive behaviour. To test this possibility, 
ChR2 photostimulation has been used to mimic the sparse activity pat- 
terns observed in L2/3 pyramidal neurons” in awake, behaving mice”. 
Mice were trained to report photostimulation of ChR2-positive neu- 
rons by selecting one of two ports for a water reward. The number of 
activated neurons was quantified using histological and electrophysio- 
logical methods. After a learning period of a few weeks, mice were 
able to reliably report the activation of a small subset (<1%) of L2/3 
neurons; only 300 photostimulated action potentials were required to 
drive reliable behaviour”. This corresponds to a tiny fraction of the 
ongoing activity in the barrel cortex. Other experiments suggest that 
the stimulation even of individual neurons can have measurable effects 
on network activity” and behaviour”. These findings show that mecha- 
nisms exist to read out ultra-sparse activity from cortical networks. 

Similar experiments could help unravel the circuit mechanisms 
underlying detection of ultra-sparse activity. One possibility is that the 
ChR2-positive neurons form part of a special cortical network defined 
by learning-induced plasticity at their output synapses. Alternatively, 
mice may generally learn to discern small increases in activity across the 
L2/3 population. These possibilities could be distinguished by training 
on photostimulation detection using one set of ChR2-positive neu- 
rons and testing with detection using another set of neurons. If, during 
learning, the ChR2-positive neurons do not form an ad hoc circuit, then 
mice should generalize to stimulation ofa different set of intermingled 
neurons, with no change in threshold. The results of these experiments 
would profoundly affect our understanding of perceptual learning. 

One striking observation in photostimulation-driven behaviour is 
that the number of stimulated neurons can be traded off against the 
number of action potentials per neuron”. In other words, trains of 
Naction potentials (spread out over 250 ms) in m neurons are as effi- 
cacious in driving behaviour as one action potential in Nn neurons. 
This suggests that the networks reading out activity from L2/3 neurons 
integrate activity over times of at least 250 ms, the longest trains probed. 
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Future work may address the temporal limits, as well as the locus and 
mechanism, of this integration. 

Detection of photostimulation could be used to study the essential 
neural components of decision making. The advantage over sensory- 
driven detection tasks is that the stimulus driving the decision, for 
example the ensemble of photostimulated L2/3 neurons, is under pre- 
cise control. Even photostimulation close to the detection threshold 
is repeatable and not subject to the variability associated with sensory 
stimuli. Under these conditions of precise activation, it might be possi- 
ble to track the evolution of network activity leading from deterministic 
stimuli to stochastic choice behaviour. 


Beyond cell types 

So far we have labelled neurons as members of a cell type; but cell 
type is only a first approximation of the functional description of any 
one neuron. Although the activity patterns of neurons belonging to a 
particular cell type are distinct on average, neural responses are often 
extremely heterogeneous even for a cell type and brain region. For 
example, neighbouring L2/3 neurons in the rodent visual cortex can 
have sharp but divergent orientation tuning™. Similarly, neurons in the 
barrel cortex have diverse response types, including excitation by con- 
tact with an object, or tonic excitation coupled to whisking, as well as 
inhibition®” (Fig. 3c). Neurons differ not only in their selectivity for 
particular stimuli (their ‘tuning’), but also in the amount of information 
they carry. The activity of some neurons bears no obvious relation to the 
task, whereas other neurons discriminate stimuli as well as the animal 
does” (Fig. 3c). Furthermore, the relationship between individual 
neurons and behaviour is flexible: experiments involving biofeedback 
have shown that the activity of individual motor cortex neurons is under 
volitional control and can be tuned to maximize reward®. Without 
manipulating the activity of neurons showing specific response types, 
however, there can be no definitive answer to the question of whether 
some neurons are more relevant to behaviour than others. 

Although studies that directly target neuronal response types for 
manipulation have not yet been done, the technical challenges facing 
such experiments are rapidly being overcome. Functional imaging may 
allow the mapping of response types of tens of thousands of neurons 
in volumes on the order of a cubic millimetre“ (Fig. 2). Neurons could 
then be selected for manipulation on the basis of their response type 
(Fig. 4). For example, if the neurons express ChR2, targeted groups of 
neurons could be photostimulated by two-photon excitation of ChR2 
(Fig. 4b). However, a conventional focused laser excites only a tiny patch 
of neuronal membrane, containing a small amount of low-conductance 
ChR2, which produces insufficient depolarization to drive action 
potentials in most neurons”. Achieving routine two-photon stimula- 
tion of single neurons may require new types of ChR2 with longer open 
times” or greater conductances, combined with beam shaping to allow 
larger membrane areas to be excited”. In behaving animals it would 
then be possible to study how activity in subsets of neurons, selected 
on the basis of response type, contributes to behaviour. 

A different strategy for targeting neurons on the basis of response 
type might rely on transcription activated by light”* (Fig. 4c, f), or the 
conjunction of neural activity and an exogenous trigger (using small 
molecules or light) (Fig. 4d, f). In fact, existing transgenic mice couple 
neural activity to expression of protein markers’’; molecular switches 
could be expressed instead, to manipulate the activity of neurons that 
were active in an earlier time window. 

It may be possible to trigger expression of protein activators and 
silencers in arbitrary groups of neurons in vivo, using illumination 
of multiple individual neurons. The targeted neurons could be those 
exhibiting particular response types identified in prior imaging experi- 
ments. Single-cell resolution could be achieved by two-photon excita- 
tion (Fig. 4c, f). Subsequently, neurons expressing the switch could be 
activated or silenced using small molecules or diffuse light (Fig. 4e). 
This strategy, based on two-photon excitation of transcription followed 
by one-photon photostimulation of ChR2, might be less demanding of 
photophysics than direct two-photon photostimulation of ChR2. 


Direct two-photon 
modulation of activity 


Activity-dependent transcription 
triggered by light or ligands 


Targeted two-photon 
activation of transcription 


ry 


Modulation of targeted 
neurons by light or ligands 


Figure 4 | Manipulating groups of neurons on the basis of their response 
type. a, Mapping response types using optical indicators or electrodes. 

b, Modulation of activity by two-photon excitation of photoswitches 
(yellow) in neurons showing particular response types. c, d, f, Expression 
of genetically encoded switches by hypothetical transcription systems 
triggered directly by light (c; f, left) or by a combination of neuronal 
activity and small molecules (purple circles) or light (purple glow) 

(d; f, right). The cellular production and transport of protein switches 
(yellow) is indicated schematically (blue, ribosome). e, Manipulating 
neurons previously targeted for expression of a molecular switch (yellow). 
Activation (or inhibition) could be achieved using diffuse light or a small- 
molecule ligand (blue glow). 


In general, the relationship between cell type and response type is not 
understood. Whereas cell type is a category defined largely by develop- 
ment, a neuron’s response type is most probably malleable, possibly 
even changing with behavioural context™. The anatomical underpin- 
nings of the diverse neuronal response types are not known. The axons 
of excitatory neurons connect to only a small fraction of available tar- 
get neurons of any given type. This sparse connectivity is known not 
to be random; rather, relatively strongly connected and interdigitated 
subnetworks are embedded within the cortical circuit defined by cell 
types*”. It is likely that this anatomical fine-scale specificity in some 
way underlies different response types. 

However, the question of which circuits determine any particular 
response type remains unanswered, even in the well-studied example 
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of orientation selectivity in the visual cortex'”™. A minimal explanation 
will require characterization of the inputs that drive a particular response 
type. One approach might involve measurement of population responses 
using [Ca*’] imaging and post hoc large-volume ultrastructural analysis 
to recover the detailed connectivity between characterized neurons”. 
Another approach could be based on labelling the target neuron and all 
of its inputs with a trans-synaptic virus”, for subsequent physiological 
analysis. 

In this Review, we have advocated a programme of reverse engineer- 
ing with the goal of linking patterns of activity in specific cell types to 
behaviour. This experimental programme would be most effective if 
it were tightly integrated with theory. Useful theoretical models could 
take many shapes. For example, semi-realistic compartmental models 
of single neurons, combined with information on the distributions of 
specific types of input within their dendritic arborizations, might reveal 
the mechanisms of how synaptic input interacts with postsynaptic 
membrane properties to drive particular response types. Other types 
of model might focus on the dynamics of the neural network or on 
information transmission within the network. The vast amounts of 
data collected in behavioural and physiological experiments can only 
be exploited with new approaches for data reduction and mining. Ulti- 
mately, progress in systems neuroscience will require the development of 
new theoretical tools in conjunction with cell-type-specific recordings 
and manipulations in behaving animals. a 
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Electrophysiology in the age of light 


Massimo Scanziani' & Michael Hausser? 


Electrophysiology, the ‘gold standard’ for investigating neuronal signalling, is being challenged by anew 
generation of optical probes. Together with new forms of microscopy, these probes allow us to measure 

and control neuronal signals with spatial resolution and genetic specificity that already greatly surpass 
those of electrophysiology. We predict that the photon will progressively replace the electron for probing 
neuronal function, particularly for targeted stimulation and silencing of neuronal populations. Although 
electrophysiological characterization of channels, cells and neural circuits will remain necessary, new 
combinations of electrophysiology and imaging should lead to transformational discoveries in neuroscience. 


More than 200 years ago, Galvani discovered that the function of the 
nervous system is intrinsically linked to electrical activity’ (Fig. 1). Since 
then, generations of investigators have invested immense effort into build- 
ing instruments capable of measuring and controlling this electrical activ- 
ity. The unprecedented sensitivity and temporal resolution of modern 
electrophysiological tools allow us to study the properties of single ion 
channels and more complex phenomena extending to the activity of hun- 
dreds of cells within networks of neurons (Fig. 2). Thus, electrophysiology 
embraces all levels of our understanding of nervous system function, 
from the molecular to the behavioural. 

By using metal, glass or silicon electrodes to record electrical sig- 
nals associated with ion fluxes across neuronal membranes, electro- 
physiology allows us to listen directly to the ‘language’ of neurons at an 
extremely high signal-to-noise ratio. This is the main strength of the 
method, because electrical activity is recorded directly, without the need 
for a ‘translator; that is, a probe that transforms electrical activity into 
a different signal. However, this is also the main weakness of electro- 
physiology, because electrical access to the nervous system necessitates 
physical contact with the tissue under investigation. 

The use of light to probe neuronal function avoids the need for direct 
physical contact with the tissue, because light can travel through biologi- 
cal membranes. Furthermore — with a few exceptions such as the retina, 
where specific wavelengths need to be used — light does not interfere 
with neuronal function. Importantly, light offers numerous additional 
crucial advantages (Fig. 2): outstanding spatial resolution, allowing 
signals in even the smallest neuronal structures to be resolved”; the 
possibility for simultaneous measurement from a wide range of spatial 
locations”*; and — with the use of genetically encoded and targetable 
probes — the critical advantage of being able to access specific cellular 
subtypes and subcellular domains’. 

To investigate neuronal function using light, however, a reporter 
is required. This typically takes the form of a molecule that converts 
membrane potential (or its consequences) into an optical signal. Thus, 
optical measurements are necessarily indirect. This means that careful 
calibration is required for quantitative measurements, and the proper- 
ties of the molecular reporters and optical detection systems can limit 
the temporal resolution of functional measurements. However, owing 
in part to advances in our understanding of the biophysical, molecular 
and genetic mechanisms of excitability and synaptic transmission, the 
development and refinement of optical reporters is occurring at a very 
high pace. By harnessing these mechanisms, it is possible to develop 


optical reporters to monitor previously inaccessible variables with 
unprecedented spatial resolution and limited invasiveness (Table 1). In 
combination with new forms of microscopy, these reporters have been 
used to make a wide range of discoveries about nervous system function, 
including the quantitative link between presynaptic calcium and neuro- 
transmitter release; the degree of chemical and electrical compartmen- 
talization of dendritic spines®; the spatial extent and plasticity of dendritic 
spikes’; the spatial organization of cortical maps on the level of individual 
neighbouring neurons’; and functional map topography in the visual 
system’. Together, these discoveries herald a revolution in the way we 
investigate the function of the nervous system. 

Does this revolution spell the end of electrophysiology? In this Review, 
we debate the respective strengths and weaknesses of electrophysiologi- 
cal and imaging approaches in neuroscience, and identify those applica- 
tions in which optical approaches surpass, or will probably soon surpass, 
electrophysiology for both the monitoring and the manipulation of neu- 
ronal function. We also describe applications in which electrophysiology 
will remain necessary, and point towards important future develop- 
ments. Finally, we highlight how, by being used in concert, these two 
techniques will lead to transformational discoveries in neuroscience. 


The fundamentals 

A fundamental consideration when comparing electrophysiological and 
optical approaches is the signal-to-noise ratio that can be achieved for 
a particular measurement. In electrophysiology, the noise sources are 
primarily instrumental, and the signal-to-noise ratio has been maxi- 
mized by developing low-noise headstages and amplifiers, as well as by 
the gigaohm seal of the patch-clamp technique’’, which provides suf- 
ficient signal-to-noise ratio to allow resolution of the opening of single 
ion channels. In imaging, the measured signal — photon flux — results 
from conversion of the electrical (or chemical) signal into photons by 
means of a reporter, and is normally observed as a change in fluores- 
cence (although some indicators use a change in reflectance, absorbance 
or even the ratio of two different fluorescence processes). By contrast 
to electrophysiology, in which electrons associated with the signal are 
typically plentiful, only a small number of photons are usually detected 
in optical measurements from small structures. If this number becomes 
sufficiently low, fluctuations around the mean become relatively large, 
a phenomenon called shot noise, and the signal-to-noise ratio of the 
measurement drops. To illustrate the contribution of shot noise, we will 
use the most common case, namely a change in fluorescence, which is 


"Howard Hughes Medical Institute and Department of Biology, University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093-0634, USA. *Wolfson Institute for Biomedical 
Research and Department of Neuroscience, Physiology and Pharmacology, University College London, Gower Street, London WCIE 6BT, UK. 
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measured as AF = F,,.., — Fy, where F, is the baseline fluorescence and 


F,.. is the above-baseline peak of the fluorescence transient associated 
with the electrical (or chemical) transient. The signal-to-noise ratio 
(SNR) of the measurement is thus proportional to the ratio of the signal 
change, AF, and the baseline shot noise (F,/ VN, where N is the number 
of photons detected): SNR « (AF/F,)VN. 

Therefore, to optimize the signal-to-noise ratio, it is crucial to maxi- 
mize both the change in fluorescence relative to the baseline and the total 
number of photons generated by the conversion of the electrical or chemi- 
cal signal and detected by the instrumentation. Increasing the number 
of emitted photons can be achieved simply by increasing the number of 
reporter molecules (that is, the effective concentration of the reporter; 
however, at high concentrations there is a risk of perturbing the biological 
system studied and reducing AF/F,) and by improving reporter efficiency. 
Furthermore, improvements in excitation and detection efficiency — par- 
ticularly with the use of two-photon microscopy”, in which excitation 
is highly restricted in space and thus can be targeted to the source of the 
signal, and in which all collected photons can be used to form an image” 
— can also significantly improve the signal-to-noise ratio. Because the 
signal-to-noise ratio is linearly dependent on AF/F,, and only on the 
square root of N, optimizing reporter properties to maximize AF/F, is in 
general a better strategy than simply increasing photon counts. In practice, 
additional considerations are important when choosing a reporter, such 
as photobleaching (which effectively reduces reporter concentration) and 
photodamage (which can affect physiological processes and cell health, 
and constrains the amount of excitation light that can be used and, thus, 
photon counts). Finally, electrical signals in neurons can be very rapid 
(<1 ms), which places further severe constraints on the kinetics of the 
reporter, and also on the detection system, with rapid scanning technology 
(together with improved collection optics and highly efficient detectors, 
such as those using photon counting) being required to faithfully record 
signals across single neurons or across networks’. Next we discuss how 
these principles and limitations apply when optical methods are used to 
record different kinds of electrical signal. 


Measuring voltage 

The primary language of neurons is electrical and involves changes in 
membrane voltage. The relevant fluctuations of membrane voltage asso- 
ciated with different electrical signals span three orders of magnitude, 


Figure 1 | Recording and stimulation: 
past and present. a, The first action 
potential recorded intracellularly 
from a neuron, by Hodgkin and 
Huxley’; inset, the electrode 
inserted into a giant squid axon. 

b, The multisite optical recording 
of action potentials in a cerebellar 
Purkinje neuron by using voltage- 
sensitive dyes”. c, The electrical 
stimulation of a frog nerve as 
illustrated by Galvani’. d, Optical 
deep-brain stimulation of neurons 
expressing microbial opsin 

genes. (Courtesy of V. Gradinaru, 
M. Mogri, J. Carnett and 

K. Deisseroth, Stanford University, 
California.) 


Present 


Dendrite 


19% AF/F 


from ~100 uV (for quantal synaptic potentials) to ~100 mV (for action 
potentials), and the underlying currents can exhibit time courses of 
microsecond duration (Fig. 2). Being able to record these signals accu- 
rately is fundamental for our understanding of the computations per- 
formed by neurons. Developing optical approaches with the requisite 
sensitivity, dynamic range and speed would represent a tremendous 
advance over electrophysiology and would allow measurement of the 
spatiotemporal dynamics of membrane potential over the entire cell or 
across a population of neurons, information that is difficult or impos- 
sible to obtain using electrodes. Early attempts to use imaging to record 
activity focused on detecting changes in intrinsic optical properties of 
neurons, such as changes in light scattering correlated with membrane 
potential’. Although it was ultimately successful for low-resolution 
(~100 um) imaging of brain function”, this approach suffers from an 
inadequate signal-to-noise ratio for cellular imaging. More recently, 
there has been an intensive effort to develop optical reporters for 
recording membrane voltage, in conjunction with new developments 
in laser-scanning microscopy”. 

Let us be clear about the ultimate goal: to be able to compete with 
electrode-based techniques, a voltage-imaging method must be able to 
record subthreshold and suprathreshold events, without averaging, deep 
in intact tissue with submicrometre and submillisecond resolution, ideally 
from identified neurons. Currently, we are still far from this goal. The first 
milestone towards it would be to achieve reliable optical detection of single 
action potentials without averaging. So far, the most successful reporters 
have been the classic fast voltage-sensitive dyes (VSDs), such as the mero- 
cyanine dyes, which partition into one leaflet of the plasma membrane and 
generate fluorescence that depends on the electric field across the mem- 
brane"®. By injecting these dyes into single neurons, it has been possible 
to record single-trial action potentials in small neuronal compartments 
such as distal dendrites”, and such reporters have been used extensively to 
examine single-trial population activity in vivo’. Averaging of multiple 
trials has recently allowed the measurement of postsynaptic potentials and 
action potentials in dendritic spines in cortical slices”, which represents 
a fundamental breakthrough as spines are currently inaccessible to patch- 
clamp recording electrodes. However, achieving single-trial resolution of 
subthreshold events has so far proved elusive. Averaging is an important 
limitation, as it prevents the measurement of spontaneous, non-stimulus- 
triggered subthreshold activity and response variability. 
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Figure 2 | Measuring the ‘when’ and ‘where’ of neuronal signals using 
electrophysiological and optical approaches. a, The primary strength of 
electrophysiology is its combination of time resolution and sensitivity, 
allowing the precise determination of the temporal pattern of neuronal 
signals over many orders of magnitude, with high signal-to-noise ratio. 
Representative examples shown are of a single nicotinic acetylcholine 
channel opening (courtesy of S. Hallerman, D. Ljaschenko and 

M. Heckmann, University of Wiirzburg, Germany); an action potential 

in a cerebellar interneuron in vivo (courtesy of P. Chadderton, University 
College London, UK); an excitatory postsynaptic current (EPSC), an 
excitatory postsynaptic potential (EPSP; courtesy of I. Duguid, University 
College London) and a spike train (P. Chadderton) from cerebellar granule 
cells in vivo; gamma oscillations (local field potential, LFP) recorded 

in the hippocampus of an anaesthetized rat (courtesy of B. Atallah, 
University of California, San Diego); and an electroencephalogram from 
an anaesthetized mouse during visual stimulation (B. Atallah). b, The 
primary strength of imaging approaches is their spatial resolution, 
allowing physiological events to be localized with high spatial precision 
over a wide range of scales. Representative examples shown are of calcium 
compartmentalization in a single hippocampal spine measured using a 
genetically encoded calcium sensor and two-photon microscopy (courtesy 
of Y.-P. Zhang and T. Oertner, Friedrich Miescher Institute, Basel, 
Switzerland); local calcium transient triggered by parallel-fibre synaptic 
input to a fine spiny branchlet in the dendritic tree of a cerebellar Purkinje 
cell (courtesy of A. Konnerth, Technical University Munich, Germany); 

a layer-2/3 pyramidal neuron filled with a calcium dye and visualized in 
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mouse visual cortex in vivo using two-photon microscopy (courtesy of 

S. L. Smith, University College London); an orientation map in rat visual 
cortex measured using two-photon microscopy’; and optical imaging of 
voltage-sensitive-dye fluorescence to record receptive-field properties 
across cat visual cortex (courtesy of A. Benucci and M. Carandini, 
University College London). c, In some cases, both spatial and temporal 
information can be obtained using electrophysiological or imaging 
approaches on their own. Examples include measuring the interaction 

of backward-propagating action potentials with dendritic calcium 

spikes recorded in layer-5 (L5) cortical pyramidal neurons using three 
simultaneous patch-clamp recordings (courtesy of M. Larkum, University 
of Bern, Switzerland); recording the origin of the LFP signal in cat visual 
cortex using a 96-electrode array with a spatial resolution of 400 um 
(reference spike from the electrode indicated in red; courtesy of I. Nauhaus 
and M. Carandini, University College London); optical mapping of the 
initiation site of the action potential in layer-5 pyramidal neurons using 
voltage-sensitive dyes (courtesy of L. Palmer and G. Stuart, Australian 
National University, Canberra, Australia); and optical monitoring of 
activity patterns in rat visual cortex loaded with a calcium dye (green), 
counterstained with an astrocyte-specific marker (sulforhodamine 101, 
orange) and imaged using two-photon microscopy, with traces showing 
calcium transients and detected spiking activity (raster; for >2 detected 
spikes; 2 spikes red, 3 green, 4 dark blue, 5 light blue, 6 pink and 7 brown) 
simultaneously recorded from 13 neurons in the awake animal (courtesy 
of D. Greenberg, A. Houweling and J. Kerr, Max Planck Institute for 
Biological Cybernetics, Tiibingen, Germany). 
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A number of factors contribute to the relatively low effective signal-to- 
noise ratio of this approach. First, despite decades of screening experi- 
ments, for many of the commonly used dyes the fluorescence change 
per unit change in membrane potential is relatively small, although 
there are some exceptions (see, for example, ref. 22). Second, VSDs 
indiscriminately label internal and plasma membranes; dye that labels 
internal compartments does not contribute to the signal but does con- 
tribute to the resting fluorescence, which decreases the AF/F, value per 
unit change in membrane potential and, thus, the signal-to-noise ratio. 
Finally, VSDs suffer from the dual problems of phototoxicity and bleach- 
ing, which limit the available excitation intensity and the duration of the 
experiments. The use of second-harmonic-generation microscopy can 
help eliminate the problem of intracellular background fluorescence, 
as in this approach only dye molecules in the plasma membrane con- 
tribute to the signal”’”’. However, the effective signal-to-noise ratio of 
second-harmonic-generation microscopy remains limited, owing in 
part to photodamage associated with the need for high laser intensities; 
furthermore, given that second-harmonic generation normally relies on 
the detection of transmitted light, it is unlikely to be suitable for most 
mammalian in vivo preparations. 

An approach that shows tremendous promise is the design of geneti- 
cally encoded voltage sensors. Such sensors have an important advantage 
over conventional VSDs: their expression can be genetically targeted, 
both to subpopulations of neurons, making them particularly useful for 
targeted imaging of population activity, and subcellularly, to the plasma 
membrane and away from intracellular organelles. The design of such 
sensors has broadly followed one of two strategies. First, fusions between 
green fluorescent protein (GFP) and a voltage-gated channel, such as 
the Shaker potassium channel”, allow voltage-dependent conforma- 
tional changes in the channel to be translated into GFP fluorescence 
changes. An alternative strategy is the use of hybrid GFP systems, in 
which fluorescence resonant energy transfer is used to report the inter- 
action between GFP, anchored to the cytoplasmic face of the membrane, 
and a dye that undergoes voltage-dependent redistribution between the 
inner and outer membrane leaflets. 

Both strategies have yielded sensors with good voltage sensitivity. 
The hybrid voltage sensors have AF/F values of up to 34% per 100 mV 
(ref. 25), and further improvements are expected, particularly for sen- 
sors based on GFP-channel fusions, which can exploit the cooperativity 
of channel gating. However, the favourable voltage sensitivity of these 
sensors is undermined by their slow kinetics, with on-rates typically 
of the order of tens of milliseconds (although hybrid voltage sensors 
have more rapid kinetics), making detection of single action potentials 
difficult. Other problems include poor targeting to the plaama mem- 
brane, increasing the background signal; low brightness, resulting in 
low photon counts; and the fact that the inclusion into the membrane of 
mobile molecules (that is, compounds or proteins that translocate from 
one leaflet of the membrane to the other when the voltage across the 
membrane changes) leads to the increase of membrane capacitance (so- 
called capacitive loading). In some cases, this is so severe that it can block 
action-potential generation’’. As a consequence of these limitations, 
the technical milestone of reliably recording single action potentials 
using a genetically encoded voltage reporter has not yet been achieved 
in any neuron. Furthermore, as with any genetically encoded probe, 
possible unanticipated physiological effects resulting from exogenous 
expression of proteins need to be assessed, in part by using electrophysi- 
ological approaches. Nevertheless, there is great optimism in the field 
that rational probe design, coupled with high-throughput screening 
methods, will soon allow us to achieve this milestone. 


Calcium as a reporter of activity 

Calcium is a major signalling molecule in neurons, and synaptic input 
and membrane voltage fluctuations often trigger changes in intracellular 
calcium concentration. Hence, calcium indicators have long been 
successfully used to infer both subthreshold and suprathreshold 
activity in neurons. Organic calcium-sensitive dyes, which take 
advantage of the pronounced calcium concentration gradient across 


Table 1| Classes of optical probes and reporters 


Type of molecule Illustration Examples 

Measuring 

Voltage sensors Optical Light JPW3028* (refs 17, 20) 
probe hVOS+ (ref. 25) 


VSFP¥+ (ref. 96) 


Membrane 


Calcium sensors OGB-1* (refs 8, 30) 
Fluo-4* (ref. 97) 
D3cpvit (ref. 38) 
TN-XXL+ (ref. 39) 


GCaMP3+ (ref. 98) 


Channel 


Fluorescence-labelled 
Shakert (ref. 69) 


Receptor/channel 
reporters 


Synaptic release FM 1-43% (ref. 63) 


reporters 5 ‘i SynaptopHluorin+ (ref. 65) 
vouton  FLIPE+ (ref. 66) 
SuperGluSnFR?+ (ref. 64) 
Manipulating 


ChR2+ (refs 40, 47, 48, 54) 
LiGluRt (ref. 49) 


Optogenetic activators 


Optogenetic inhibitors Halorhodopsin (NpHR)+ 


(refs 50, 51) 


cro 


Classes of optical probes used for measuring and manipulating neuronal activity. Representative 
examples of probes in current use are provided, along with relevant citations. The illustrations show in 
schematic form the operation of the respective probes. ChR2, channelrhodopsin-2; FLIPE, fluorescent 
indicator protein for glutamate; hVOS, hybrid voltage sensor; LiGluR, light-gated ionotropic glutamate 
receptor; NpHR, Natronomonas pharaonis halorhodopsin; VSFP, voltage-sensitive fluorescent protein. 
*Organic probe. +Genetically encodable probe. 


the plasma membrane, represent one of the great success stories of 
synthetic chemistry”®. Such dyes are sensitive enough to allow the open- 
ing of a single calcium-permeable channel in a spine to be detected 
using two-photon microscopy”. These dyes can therefore be used to 
monitor the occurrence of both action potentials and synaptic input 
to spines, allowing even single-vesicle events to be detected reliably, 
which in turn permits optical quantal analysis” and the demonstration 
that spines can act as individual functional compartments in terms of 
calcium signalling®. Although light scattering, movement problems 
and the unknown dendritic distribution of active synaptic input have 
so far prevented the direct detection of synaptic input patterns in vivo 
(with rare exceptions; see ref. 29), membrane-permeant calcium dyes 
have been used very successfully to monitor network activity in neu- 
rons and glia in the intact brain, under both anaesthetized and awake 
conditions**” **. However, even with these outstanding indicators, the 
slow time course of the intracellular calcium signal triggered by action 
potentials, coupled with the limitations of in vivo imaging, have made 
it challenging to reliably detect single action potentials and reconstruct 


the action-potential firing pattern”. 
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The design of genetically encoded calcium indicators has also attracted 
intense interest in recent years. These indicators are typically based ona 
calcium-sensitive molecule, such as calmodulin™ or troponin”, fused 
to GFP or other fluorescent proteins, with calcium binding reported by 
fluorescence changes due to alterations in the efficiency of fluorescence 
resonance energy transfer or changes to the chromophore environment. 
Although several generations of sensor development have yielded vastly 
improved properties, the current range of indicators remain inferior to 
synthetic indicators in terms of brightness, speed and signal-to-noise 
ratio when making direct comparisons under identical conditions”. 
Furthermore, in practice their use in transgenic animals has often been 
associated with sensor inactivation, reduced dynamic range or poor 
protein stability. Thus, despite tantalizing recent advances**”?, as with 
genetically encoded voltage reporters, no genetically encoded calcium 
sensor has yet been shown to reliably report single action potentials in 
neurons in vivo, although the genetically encoded calcium indicators 
are closer to doing so. Again, rational optimization of sensor proper- 
ties, aided by structure-function analysis, should soon allow this goal 
to be achieved. 


Replacing the stimulation electrode with a beam of light 

Since a method for the direct stimulation of nerves was first reported, 
over 200 years ago’, the basic approach, which is based on the use of 
metal electrodes, has changed surprisingly little; that is, until the advent 
of optical methods (Fig. 1c, d). 

The two main ways to trigger activity in the nervous system are sen- 
sory and electrical stimulation. The former is the method preferred by 
sensory physiologists, because by engaging the nervous system in an 
ethologically relevant manner it allows the study of the representation 
of the various features of the physical world through neuronal activity. 
By contrast, electrical stimulation is used to study mechanisms, such as 
synaptic transmission, because by bypassing sensory interfaces it can 
be applied to isolated preparations; furthermore, the activity generated 
by electrical stimuli is temporally precise and reproducible. Electri- 
cal stimulation involves the use of metal or glass electrodes to trig- 
ger action potentials in individual neurons or groups of neurons. This 
approach has three key limitations: it lacks specificity (except when 
stimulating single neurons or single synapses); inhibiting neurons is 
difficult; and it is invasive, causing damage at high stimulation inten- 
sities. These problems can be overcome by using two complementary 
optical approaches. The first is the use of caged compounds, which 
involves a pharmacologically active substance that excites or inhibits 
neurons, delivered in an inert (‘caged’) form and activated (‘uncaged’) 
by breaking a photolabile bond, generally with ultraviolet radiation. 
The second is the use of optogenetic tools, a new class of light-sensitive 
proteins that, when expressed in neurons, allow their activity to be 
modulated by light. These proteins are either intrinsically coupled to 
ionic conductances or pumps, or affect neuronal excitability through 
second-messenger pathways*”* : 

In the brain, neurons of various types and genetic compositions (for 
example excitatory, inhibitory, projection and local neurons) spatially 
intermingle with fibres of passage. Consequently, stimulation electrodes 
are unselective with respect to the structures and cell types that they acti- 
vate. By contrast, caged compounds and optogenetic tools allow groups 
of neurons, individual neurons and specific subcellular compartments to 
be stimulated with extraordinary spatial and genetic specificity. Simply 
uncaging glutamate (the main excitatory transmitter in the brain) pre- 
dominantly activates somatodendritic compartments of neurons rather 
than intermingled axons, consistent with the distribution of glutamate 
receptors. This approach allows the rapid generation of connectivity 
maps between cortical layers in cortical slices“. With two-photon acti- 
vation, glutamate uncaging can be used to activate individual synapses 
along a dendrite”. Genetic specificity can be obtained by expressing 
receptors that are not naturally present in the system. Expression of 
purinoceptors in genetically defined fly neuronal populations, for exam- 
ple, allows activation of these neurons through ATP uncaging, and the 
study of the ensuing behavioural outputs”. 
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Optogenetic tools represent another valid alternative to the stimulation 
electrode, and greatly surpass it in specificity and versatility”. Targeted 
expression of light-activated molecules such as channelrhodopsin””™, 
light-gated ionotropic glutamate receptor® or halorhodopsin*” allows 
neurons or their subcellular compartments to be stimulated with extra- 
ordinary spatial, temporal and genetic specificity. These new optical 
tools can perform tasks well beyond the capabilities of conventional 
stimulation electrodes, such as independent stimulation of multiple inter- 
mingled populations”, bistable activation of neurons” and stimulation 
of defined second-messenger pathways (for example to mimic modula- 
tory neurotransmitter pathways*’“*). These approaches can be harnessed 
to map functional connectivity™, to influence the dynamics of neuronal 
circuits*”“°°* and, ultimately, to control behaviour’”**”. In the long 
term, complete cellular-level and subcellular-level structural, molecular 
and genetic maps of the nervous system — the connectome™ — will be 
required to target probes to select cell types or subcellular locations to 
further enhance the precision of these optical probes. 

Finally, the inducible expression of optogenetic tools will make it pos- 
sible to bridge the current gap between sensory and electrical stimula- 
tion. One important drawback of electrical stimulation is the uncertainty 
over whether the ensemble of stimulated inputs actually corresponds to 
a physiologically relevant pattern, that is, whether a sensory stimulus 
would ever activate that particular combination of stimulated afferents. 
The activity-dependent expression of optogenetic tools such that only 
neurons recruited by a specific sensory stimulus or by a particular task 
express the protein”” will represent a first step in solving this problem. 
Such activity-driven expression will allow the study of the behavioural 
output generated by the selective activation or inhibition of functionally 
defined neuronal subpopulations. Similarly, activity-driven expression 
of optogenetic tools will make it possible to determine connectivity pat- 
terns and circuit dynamics of functionally related neuronal ensembles. 
These recent developments thus afford more specific and much more 
controlled manipulation of the nervous system, allowing sophisticated 
tests of causality (see page 923). We can now imagine a time in the 
near future when activation of neuronal circuits will no longer rely on 
the centuries-old metal stimulation electrode. 


Voltage clamp 

A difficult technique to perform using optical tools is voltage clamp, 
a method that allows the measurement of currents passing through 
membranes. Electrophysiologists achieve voltage clamp using feedback 
amplifiers that hold the potential across the membrane at a defined 
voltage by injecting into the neuron currents equal in amplitude and 
opposite in sign to those that flow through the membrane. These 
injected currents provide a measure of the ionic and capacitive currents 
naturally flowing in and out of neurons. Voltage clamp has led to fun- 
damental discoveries, such as the biophysical mechanisms underlying 
action potentials®, the characteristics of synaptic conductances” and 
the functional properties of single ion channels”. Let us consider how 
voltage clamp might be achieved by optical means. 

An ‘optical voltage clamp’ could be realized by expressing two light- 
gated ion channels, one selective for Na*, the other for K*, and each 
activated by different wavelengths, thus providing the basis for selective 
light activation of an inward and an outward current. Given sufficient 
expression of these channels, it should be possible to achieve any arbitrary 
membrane potential between the reversal potentials of the two channels. 
The membrane potential would be simultaneously monitored using a volt- 
age probe and coupled to the source of excitation light with a feedback 
mechanism, with the clamp speed depending on the kinetics of the chan- 
nels and their density relative to the membrane capacitance. Although 
this system would permit voltage clamp, quantifying the light-activated 
currents would be difficult, requiring knowledge of factors including the 
membrane area, the intensity of the light hitting the membrane, the den- 
sity of the light-activated channels and the relationship between the light 
intensity and the single-channel photocurrent. A potential benefit of this 
optical voltage clamp would be improved ‘space clamp; that is, voltage 
control of all neuronal compartments, which is normally impossible to 
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achieve with a single electrode. This would allow proper measurement of 
current sources from all over the dendritic tree. 

Given that implementing such a system will be very challenging, it is 
worth asking whether voltage clamp itself can be replaced. Indeed, our 
knowledge of the molecular mechanisms of excitability and synaptic 
transmission may allow us to investigate channel and synaptic function 
without current measurements, thus making voltage-clamp recordings 
unnecessary. For example, synaptic function can be assessed by probing 
the status of the underlying components, such as by monitoring neuro- 
transmitter release’ or the activation of transmitter-gated channels”. 
In turn, activation of distinct subtypes of voltage-gated channel can be 
probed by directly monitoring conformational changes rather than 
conductance, for example by using subunit-specific resonance energy 
transfer as a spectroscopic molecular ruler®”. Preliminary work has 
shown that even single-channel resolution can be achieved using such an 
all-optical approach”, revealing information about channel conforma- 
tions not obtainable through electrophysiological recordings. However, 
such a targeted approach can only be used to identify known, and well- 
characterized, channels; and biophysical characterization of channels 
demands voltage control. Thus, voltage clamp is likely to remain an 
indispensable tool for neuroscientists in the future. 


Promises and challenges 

To replace or complement electrophysiological approaches, optical 
probes must be implemented in vivo, ideally in a behaving organism. 
This will provide a range of unprecedented opportunities, but it also 
highlights several hurdles that must be overcome. 


Recording from populations 
One of the key arenas in which imaging can already surpass the use 
of electrodes is simultaneous recording from many neurons. Sensory 
stimuli and motor output are represented by the activity of ensembles 
of neurons. Within these ensembles, each neuron may respond to a 
particular feature, or a specific combination of features, of the stimulus, 
such as position in space, frequency or intensity. The same is true for 
motor output, where a particular movement in space is specified by 
the activity of select ensembles within a population of neurons in the 
motor cortex. Thus, the experimental ideal would be to record every 
spike from every neuron in response to a sensory input and during the 
ensuing behavioural output, and use this information as a first step in 
working out the neural processes underlying this transformation. This is 
an enormous challenge, because computations in the mammalian nerv- 
ous system engage thousands to millions of neurons. Electrophysiolo- 
gists have increased the sampling density in their experiments by using 
microarrays featuring multiple electrodes”, but such approaches are 
limited by the electrodes’ invasiveness and finite spacing, and by the dif- 
ficulty of identifying the origin of blindly recorded neuronal signals. 

Optical probes may ultimately make this dream experiment possible. 
Early steps have involved using multicellular loading of membrane- 
permeant calcium dyes*”””, as indicators of spiking activity in networks 
(Fig. 2). In combination with transgenic mouse lines expressing genetically 
encoded fluorescent markers in specific neuronal subtypes, this approach 
allows identification of the imaged cells”’. Unfortunately, as discussed 
above, the imaging of calcium transients does not offer the same signal- 
to-noise ratio as electrophysiological recordings, and the slow kinetics of 
the recorded signal often prevent resolution of individual spikes in a train, 
unless sophisticated analysis techniques are used*’”*. These problems, 
coupled with limitations in scanning speed, make it difficult to define the 
temporal relationship of spiking between different neurons. Finally, cal- 
cium transients are best correlated with suprathreshold neuronal activity, 
and provide little information about subthreshold membrane-potential 
fluctuations. Despite all of these drawbacks, however, no electrophysi- 
ological approach allows the activity and spatial location of so many active 
neurons to be monitored simultaneously’. 

Recording the activity of a population of neurons using voltage- 
sensitive dyes’ isa complementary approach to calcium imaging: although 
single-cell resolution is usually not achieved, the kinetics of the signal 


can follow fast, subthreshold fluctuations in membrane potential”. 
This approach has been used to discover important functional organ- 
izing principles in the brain, such as how ongoing activity interacts with 
visually driven activity”, and the existence of spontaneously emerging 
maps of activity’*. Thus, VSD imaging offers not only the advantages of 
electrophysiological local field potential recordings, but also the ability 
to monitor large brain areas simultaneously. 


Recording at depth 

Light scatters and is attenuated as it passes through tissue. This is det- 
rimental to the high spatial resolution possible with optical approaches 
— a major advantage over electrophysiology — and to the intensity of 
the signal that can be delivered to and collected from deeper brain areas. 
Given the unalterable physical properties of brain tissue, this represents 
an absolute technical barrier that is difficult to overcome. As a con- 
sequence, high-resolution one-photon imaging has been limited to thin 
preparations or only the most superficial regions (depths <50 tm) of 
intact tissue. Nonlinear microscopy, including two-photon and second- 
harmonic-generation microscopy, has been shown to increase penetra- 
tion depth substantially, but these approaches are currently still limited 
to the superficial regions of the brain (depths of ~1,000 tum; ref. 73). One 
way to overcome the fundamental limitations imposed by scattering is 
simply to remove the overlying tissue to image deeper regions”. A less 
damaging alternative is to insert a probe, such as an optical fibre or a 
gradient-index lens, into the brain region of interest. Such microendos- 
copy probes can be used for both one-photon and two-photon imaging 
in deep regions’. The localization of the probes themselves limits the 
spatial extent of the optical sampling possible. Furthermore, their size, 
which is typically considerably greater than that of a recording electrode, 
also means that optical probes may be more invasive than using classical 
electrophysiological approaches. 


Independent control of multiple cells 

Understanding how the dynamics of neural networks underpin behav- 
iour requires not only the faithful recording of activity across popula- 
tions in large, three-dimensional volumes in vivo, but also the ability 
to manipulate the activity of the active neurons (see page 923). Because 
the spatiotemporal dynamics of activity typically are asynchronous, 
with millisecond timing differences among different cells, this requires 
an approach that allows targeted manipulation of individual neurons 
with millisecond precision. When systematic timing differences exist 
between different genetically defined populations of neurons, such 
as interneurons and principal cells’*”°, optogenetic tools with differ- 
ent wavelength spectra could be used to regulate the activity of dif- 
ferent populations individually”. However, ultimately it is necessary 
to achieve single-cell resolution across the population, which requires 
spatial restriction of activation to single neurons. This can in princi- 
ple be achieved using two-photon excitation, which has recently been 
demonstrated for channelrhodopsin”. Protein engineering is likely to 
yield a new generation of optogenetic probes with large two-photon 
cross-sections and a wide range of wavelength selectivities. This must be 
paired with further development of rapid three-dimensional scanning 
approaches to targeting two-photon excitation at the appropriate cells 
with millisecond precision”®”. 


Recording activity during natural behaviours 

Great progress has recently been made in adapting behavioural assays 
to head-fixed rodents, thereby allowing high-resolution imaging of the 
nervous system to be performed during behaviour” (see also page 923). 
However, natural expression of many behaviours requires animals to 
move freely in their environment. There exists a long tradition of using 
implanted multi-unit electrodes in freely moving animals to correlate 
neural activity with behaviour”, and this was recently complemented 
with whole-cell patch-clamp recording” (Fig. 3a), providing a temporal 
resolution that has not yet been matched by optical approaches. The recent 
development of head-mounted miniaturized two-photon microscopes”, 
together with fibre-optic two-photon microendoscopy for imaging deep 
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networks" and fibre arrays for one-photon imaging of population activ- 
ity (Fig. 3b), should soon enable us to exploit the many advantages of 
the optical approach. These imaging strategies, in combination with the 
development of new generations of genetically encodable optical probes 
with high signal-to-noise ratios, should allow long-term experiments 
in freely moving animals in which spatiotemporal patterns of activity in 
genetically defined networks can be correlated with natural behaviours. 


Improving electrophysiology 

The optical approaches we have described above are developing very 
rapidly, but electrophysiology is by no means a static discipline. Even a 
well-established technique such as patch-clamp recording is still being 
refined and used in new applications, such as its recent implementation 
in making whole-cell recordings from single neurons in freely moving 
animals* (Fig. 3a). However, a series of developments are under way 
that aim to overcome some of the key traditional limitations of electro- 
physiology. First, there is a widespread effort to produce ever-smaller elec- 
trodes — with the target being tip sizes of much less than 1 um — using 
nanofabrication techniques such as focused-ion-beam microscopy® or 
by assembling carbon nanotubes***”. Such electrodes could not only be 
used to record from extremely fine structures such as boutons and spines, 
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Figure 3 | Recording and imaging on the 
move. a, Whole-cell patch-clamp recording 
of a hippocampal neuron in a rat freely 
moving on a linear track. Top, illustration 
of the assembly for maintaining patch- 
clamp recordings in freely moving rats”: 

an electrode holder is mounted on the rat 
cranium and holds an electrode that is 
cemented in place at two anchoring sites 
(shown in green and pink) once a recording 
is made. Bottom, representative trace 

of membrane potential recorded from a 
hippocampal pyramidal neuron during free 
movement of the rat around a rectangular 
track (courtesy of J. Tukker and M. Brecht, 
Humboldt University, Berlin, Germany). 

b, Imaging population activity with single- 
cell resolution in freely moving animals. 
Left, illustration of the set-up. Excitation 
light (blue) propagates in one direction 
through an optical-fibre bundle. Emitted 
fluorescence (green) returns along the same 
path, passes through the dichroic mirror 
and is imaged using an electron-multiplying 
charge-coupled-device (EMCCD) camera. 
Right, viewed from the brain surface, the 
dendritic arborizations of 12 cerebellar 
Purkinje cells labelled with calcium-sensitive 
fluorescent dye are identified as parallel 
stripes in an unrestrained awake mouse 
sitting quietly (scale bar, 100 um); a calcium 
signal in the red cell is shown in the right- 
hand image. The traces in the lower panel 
show the time course of Ca” signals from the 
red and blue cells. (Panel b, modified, with 
permission, from ref. 84.) 


but may also improve the signal-to-noise ratio for isolating individual 
units in extracellular recordings. In addition, owing to their fine calibre, 
they help to minimize tissue distortion as they are inserted into the brain. 
Second, to improve spatial sampling in recordings of population activity, 
multi-electrode arrays are being assembled that contain larger numbers of 
electrodes with ever-finer spacing*”**. These arrays will allow population 
activity to be sampled, and afferent inputs to be stimulated, with a much 
higher spatial precision than before. Finally, research into the physical 
basis for the long-term interactions between silicon-based electrodes and 
neural tissue” should eventually allow invasive brain—-machine interfaces 
to target populations of neurons more precisely, more reliably and over 
longer timescales. 


Perspective 

Throughout their history, imaging and electrophysiology have always 
been closely linked (an example of early work is that in which an opti- 
cal approach was used to report electrical activity in the electric fish”). 
However, in the context of electrophysiology, imaging was (until 
recently) primarily used for visualization during electrophysiological 
recordings. For example, the pioneering experiments of Hodgkin and 
Huxley” relied critically on their visualizing the squid axon at high 
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Figure 4 | Synergistic combinations of electrophysiology and imaging. 

a, The superior temporal resolution of electrophysiology can be combined 
with the spatial resolution offered by imaging to define the spatiotemporal 
distribution of synaptic inputs to the dendritic tree (red). Patch-clamp 
recording from the soma of a pyramidal cell in vivo is used to measure 
sensory-evoked synaptic input in voltage clamp (VC), which is then 
correlated with the location of the input (asterisks) in the dendritic tree 

by measuring synaptically activated calcium signals using two-photon 
imaging. b, Forward probing of connectivity in networks (see ref. 99). 
Targeted whole-cell patch-clamp recording from a single principal neuron 
is accompanied by simultaneous imaging of activity in the local network 
using a calcium sensor. Triggering of spikes in the principal neuron using 
an injected current pulse (top traces) allows postsynaptic neurons in the 
network activated by the recorded neuron (green, silent neurons; yellow, 
neurons exhibiting spikes) to be identified using two-photon population 
calcium imaging*’"” with genetically encoded or bulk-loaded” calcium 
indicators. c, Reverse probing of presynaptic connectivity in networks 
(see ref. 100). Recording of sensory-evoked synaptic currents in a 


enough resolution to enable them to precisely position the micro- 
electrode inside it (Fig. 1); more recently, two-photon imaging has 
been used to target patch-clamp recordings to visually or genetically 
identified cell types in vivo”, in turn allowing essential calibrations 
for a new generation of genetically encoded sensors**”. 

Optical approaches can now be used to collect functional data and 
manipulate the nervous system. This provides remarkable opportuni- 
ties for combining the complementary strengths of electrophysiology 
and imaging. In particular, the synergism of the exceptional time reso- 
lution, signal-to-noise ratio and ability to voltage clamp provided by 
electrophysiology with the superior spatial sampling and resolution of 
imaging and optical probing will enable us to link the function of the 
nervous system to its underlying cellular and molecular structures with 
unprecedented precision. 


postsynaptic neuron using voltage clamp is accompanied by simultaneous 
imaging of activity in potential presynaptic partners in the local network 
using two-photon population calcium imaging**'”’. Reverse correlation 
between presynaptic spikes and synaptic currents can be used to identify 
functional presynaptic partners activated by sensory stimulation. 

d, Combining targeted patch-clamp recording of receptive-field responses 
with optogenetic manipulation of defined networks. Sensory responses 
are recorded from a visually targeted neuron as spiking responses, or 

the underlying synaptic currents are recorded in voltage clamp (VC). 

To determine the causal contribution of particular presynaptic cell 

types to the sensory-evoked response, optogenetic probes (for example 
channelrhodopsin*”’ and/or halorhodopsin™”’) are expressed in 
genetically defined cell types (red neurons) in the same network. These 
probes can then be activated with the appropriate wavelengths of light, 
either removing the contribution of these neurons to sensory-evoked 
activity (in the case of halorhodopsin) or activating them (in the case of 
channelrhodopsin, shown here), to modulate the sensory response or, in 
the absence of sensory stimulus, to mimic sensory input patterns. 


Compelling examples of such synergisms between electrophysiology 
and imaging in linking function to structure include the localization 
of the functional inputs onto a dendritic tree to constrain the rules for 
dendritic computations (Fig. 4a); the combination of optical imaging 
and single-unit’*”’ or multi-unit” recording to reveal the role of single 
neurons in network dynamics; and the combination of patch-clamp 
recording and two-photon population imaging to map functional con- 
nectivity in networks in vivo (Fig. 4b, c), which can ultimately reveal 
the composition of functional ensembles of neurons during behaviour. 
In addition, combining electrophysiology with optogenetic tools offers 
the possibility of directly testing causality between structure and func- 
tion: by selectively and rapidly activating or silencing specific structures, 
such as neuronal compartments, neuronal types and entire circuits, we 
will be able to assess their impact on the function of a neuron, on the 
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dynamics ofa circuit and on the behaviour of an organism. For example, 
such optogenetic tools will be instrumental in establishing the roles of 
specific dendritic compartments, specific inhibitory neurons or specific 
layers of neurons in determining the receptive-field properties of cortical 
sensory responses (Fig. 4d). 

This synergism should significantly quicken the pace of discovery as 
we move towards one of the major goals in neuroscience, namely to link 
the structure of the brain to its function, and will allow both imaging 
and electrophysiology to flourish in harmony long into the future. = 
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Intracellular dynamics of hippocampal 
place cells during virtual navigation 


Christopher D. Harvey’, Forrest Collman’”*, Daniel A. Dombeck’*? & David W. Tank’? 


Hippocampal place cells encode spatial information in rate and temporal codes. To examine the mechanisms underlying 
hippocampal coding, here we measured the intracellular dynamics of place cells by combining in vivo whole-cell recordings 
with a virtual-reality system. Head-restrained mice, running on a spherical treadmill, interacted with a computer-generated 
visual environment to perform spatial behaviours. Robust place-cell activity was present during movement along a virtual 
linear track. From whole-cell recordings, we identified three subthreshold signatures of place fields: an asymmetric ramp-like 
depolarization of the baseline membrane potential, an increase in the amplitude of intracellular theta oscillations, and a 


phase precession of the intracellular theta oscillation relative to the extracellularly recorded theta rhythm. These 
intracellular dynamics underlie the primary features of place-cell rate and temporal codes. The virtual-reality system 
developed here will enable new experimental approaches to study the neural circuits underlying navigation. 


Hippocampal place cells encode spatial information during navigation 
using rate and temporal codes'”. The rate code refers to a selective 
increase in firing rate at a specific location in a local environment’, 
and the temporal code includes the precise timing of spikes relative to 
the hippocampal theta rhythm (phase precession)**. To explain the 
origins of these codes, theoretical network and cellular models have 
been proposed*”"°. These models make differing predictions about the 
subthreshold membrane potential dynamics of place cells (Fig. la—e, 
g-i), reflecting differences in the proposed mechanisms underlying 
hippocampal coding. The predicted intracellular dynamics include 
steady oscillations at theta frequencies that reflect a global hippocampal 
theta rhythm’? (Fig. le), modulation of the amplitude and frequency 
of membrane potential theta oscillations*'®''*° (Fig. 1b—d), and 
ramps of depolarization of the baseline membrane potential” '°'*!? 
(Fig. 1d-e). To account for phase precession, these models also make 
differing predictions about the relationship between intracellular theta 
oscillations and the local field potential (LFP) theta rhythm. Models 
predict either that intracellular theta is phase-locked to the LFP theta 
rhythm with phase precession resulting from a ramp of depolari- 
zation’, or that intracellular theta in the place field is at a higher 
frequency than the LFP rhythm*'®''!*> (Fig. 1g—i). 

Because the models of hippocampal coding make differing predic- 
tions of subthreshold membrane potential dynamics, it is possible to 
distinguish between these models by intracellular measurements 
from place cells during spatial behaviours. However, intracellular 
recording methods require a level of mechanical stability that is dif- 
ficult to obtain in freely moving animals'”’*. Previously, head 
restraint on a spherical treadmill has been used to facilitate optical 
imaging at cellular resolution in awake, mobile mice’’. Furthermore, 
a previous study has provided evidence that body-tethered rats can 
navigate through virtual environments”. We reasoned that these 
could be combined to facilitate whole-cell recordings to show the 
intracellular dynamics of place cells, and thus distinguish between 
models of hippocampal coding. 


Spatial behaviour in a virtual environment 


The visual virtual-reality system for head-restrained mice we 
developed is shown in Fig. 2a. A mouse runs on top ofan air-supported 


spherical treadmill with its head held fixed in space using a head plate. 
The mouse is surrounded by a toroidal screen that covers a wide area to 
accommodate a rodent’s large field of view’. An image is projected 
onto the screen from a digital light processing projector by an angular 
amplification mirror’' (Fig. 2a, Supplementary Fig. 1 and Methods). 
To control the virtual-reality system, we developed custom software 
using the open source Quake2 video game engine. The visual display 
was updated on the basis of the movements of the animal, measured as 
rotations of the spherical treadmill using an optical computer mouse 
(Methods). 

We addressed whether head-restrained mice can perform visually 
guided spatial behaviours in a virtual environment. We trained 
water-scheduled mice using operant conditioning to run along a 
virtual linear track (180 cm long) that had proximal and distal walls 
with varying patterns for location cues (Fig. 2b). Mice were able to 
turn around at any position along the track’s length. Small water 
rewards were given for running between reward zones located at 
opposite ends of the track; consecutive rewards were not available 
at a single reward site. After several training sessions, mice ran large 
total distances with high peak running speeds (session 4: total dis- 
tance = 217 + 97 m per 40 min, peak speed = 41 + 17cms ! over a 
2s period, mean = s.d.). Individual mice received rewards at increas- 
ing rates over time (Fig. 2c, d). Also, the average distance travelled 
between rewards decreased across sessions (Fig. 2e), consistent with 
learning of the task. After ten training sessions, mice ran 281 + 53 cm 
between rewards, on average, approaching an ideal performance of 
180 cm per reward (that is, the distance between reward zones). These 
data indicate that head-restrained mice can perform visually guided 
spatial behaviours in a virtual-reality environment. 


Place cells in a virtual environment 


Although our behavioural results indicate that mice have a spatial 
understanding of the virtual environment, the activation of naviga- 
tion circuits during these behaviours would provide further evidence. 
To assess the function of the hippocampal place-cell circuitry, we 
performed acute extracellular recordings in the dorsal hippocampus 
from CA1 pyramidal neurons (Fig. 3a). We recorded during beha- 
viour along the virtual linear track from mice that had been trained 
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Figure 1| Predicted and measured subthreshold membrane potential 
dynamics during a run through a cell's place field. a, Schematic of a place- 
cell’s firing rate. b—e, Schematics of predicted subthreshold membrane 
potentials (aligned to a) from a dual oscillator interference model” (b), a 
modified dual oscillator model" (¢), a soma-dendritic interference 
model'®""!*> (d), and network’ and experience-dependent’” models (e). In 
b, two sets of theta-modulated inputs at different frequencies interfere to 
create a beat-like pattern of membrane potential fluctuations. In ¢, two 
oscillations are phase-locked outside the place field. In the place field, the 
frequency of one oscillation increases, resulting in a modulation of the 
summed oscillation. In d, the cell receives theta-modulated inhibitory and 
excitatory inputs. In the place field, the excitatory drive increases, resulting 
in a ramp-like depolarization and an increase in the amplitude of excitatory 
theta oscillations. Depending on the conductances used, the summed 
oscillation can have either increased (grey)’’ or decreased (black)"’ 
amplitude. In e, a ramp of excitatory drive interacts with theta-modulated 
inhibitory inputs. Asymmetric ramps have also been proposed””. Schematics 
in b-e only illustrate depolarizations and changes in theta amplitude. 

f, Example of a subthreshold membrane potential (filtered from DC-10 Hz) 
recorded intracellularly from a place cell. Note the simultaneous ramp of 
depolarization and increase in theta oscillation amplitude. Scale bars refer to 
the experimentally measured trace only. g, Schematic of the LFP theta 
rhythm. Dashed lines denote peaks. h-i, Schematics of predicted 
relationships between intracellular and LFP theta to account for phase 
precession. In h, intracellular and LFP theta are the same frequency. Phase 
precession of spikes occurs relative to both intracellular and LFP theta owing 
to a ramp of depolarization’*'”. An asymmetric ramp is shown. In 

i, intracellular theta in the place field is a higher frequency than LFP theta. 
Spikes precess relative to LFP theta but not intracellular theta**!°'!!?". 
Schematics in h and i only illustrate the relationships between spike times, 
intracellular theta and LFP theta. 
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Figure 2 | Spatial behaviours in a virtual-reality environment. a, Schematic 
of the experimental set-up. A head-restrained mouse runs on an air- 
supported spherical treadmill. An image from a digital light processing 
projector is displayed on a toroidal screen (—20-60° vertically, 270° 
horizontally) by a reflecting mirror (RM) and an angular amplification 
mirror (AAM). Movements of the treadmill are measured using an optical 
computer mouse. Water rewards are delivered through a lick tube by a 
computer-controlled solenoid valve. See Methods and Supplementary Fig. 1 
for details. b, The virtual linear track. Screenshots (without the fisheye 
perspective, see Methods) from the right and left ends of the track are shown. 
The track (180 X 9 cm) was divided into three regions with different textures 
on the proximal walls (black dots, vertical stripes, white dots). Distal walls 
(horizontal stripes, green with black crosses) were present at the boundaries 
between regions. Water rewards were given at the ends of the track, with 
available rewards alternating between reward sites. c, Example trajectories 
for an individual mouse on training sessions 4 and 10. Position is the 
animal’s location along the track’s long axis. Blue dots indicate rewards. 

d, Rate of rewards for individual mice. e, Average distance travelled by the 
mouse between consecutive rewards. In d and e, grey lines indicate 
individual mice, and the black line is the mean; n = 7 mice. 


for at least 5 days. Recorded cells had spiking patterns characteristic 
of hippocampal pyramidal neurons. Cells fired bursts of action 
potentials at high frequencies (>50 Hz) with decreasing spike ampli- 
tudes***; bursts occurred at intervals of ~130 ms corresponding to 
theta frequencies of ~6—10 Hz (Fig. 3a, b). In all mice tested, we 
identified units with place-cell characteristics (23 cells from 8 mice; 
Methods). Place cells had low overall firing rates with spatially modu- 
lated firing patterns (overall firing rate = 1.0 + 0.3 Hz; in-field firing 
rate = 4.7 + 2.6 Hz; out-of-field firing rate = 0.6 + 0.2 Hz; Fig. 3c). 
Place field size was, on average, 41 + 14cm. Place-cell activity in 
some cases had directionality, with different place fields and firing 
rates depending on the direction of running” (directionality 
index = 0.6 + 0.2; Methods and Fig. 3c). We also measured phase 
precession of spike times relative to LFP theta oscillations during 
runs through the place field**. Spike times shifted to earlier phases 
during movement through the place field, and the phase and position 
of spikes were negatively correlated (Aphase = —72.6 + 47.7° 
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Figure 3 | Extracellular recordings of CA1 place cells along the virtual linear 
track. a, An example extracellular recording filtered between 500 Hz and 
7.5 kHz. The inset shows overlaid spike waveforms from the recording. b, ISI 
distribution for the full duration of the recording shown in a. The time axis is 
plotted on a log scale. c, Example firing rate maps for 3 place cells from 3 
different mice. Top, firing rates at positions along the track are shown for 
rightward runs (red), leftward runs (blue) and runs in either direction 
(black). Bottom, the position on the track of each spike in the recording is 
shown as a vertical line. A total of 23 place cells from 8 mice were recorded. 
d, Phase precession of spike times relative to LFP theta. Top left, an example 
extracellular recording, filtered between 2 Hz and 10 kHz, during a run 
through the place field. Spikes and the LFP were recorded on the same 
electrode. Bottom left, the extracellular recording band-pass filtered between 
6 and 10 Hz. Grey lines denote peaks (0°) in the filtered trace, black lines 
denote the times of spikes. Right, an example plot of phase (two cycles) 
versus position on the virtual track for all spikes during complete runs 
through the place field for a single cell. e, Phase values for spikes in the first 
and last eighth of the place field. Connected points represent a single place 
field. Horizontal lines indicate the means. n = 10 place fields from 8 cells and 
3 mice (multiple place fields are owing to the directionality of firing rates). 


between the first and last eighth of the field, P< 0.01; correlation 
coefficient (C)=-—0.17+0.09 between phase and _ position, 
P<0.01; n= 10 place fields, 8 cells, 3 mice; Fig. 3d, e). These firing 
rate and phase precession characteristics along the virtual linear track 
are highly similar to those measured in freely moving mice in real 
environments”**’. These data therefore demonstrate that hippocam- 
pal place-cell circuitry is operational in head-restrained mice during 
visually guided spatial behaviours in the virtual-reality system. 


Intracellular dynamics of place cells 


We next developed methods to measure the intracellular activity of 
hippocampal neurons during behaviour along the virtual linear 
track. Because the mouse’s head is stationary in the virtual-reality 
set-up, we were able to perform whole-cell patch-clamp recordings 
using a patch electrode with a long taper mounted on a standard 
micromanipulator positioned outside the mouse’s field of view 
(see Methods). We obtained recordings in awake mice'”"**°*! as they 
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ran on the spherical treadmill. Recordings lasted many minutes on 
average (7.7 + 3.8 min, maximum 20.4min; n= 46 cells from 15 
mice), during which time mice ran long distances at high speeds in 
the virtual environment (27 + 5 m per min; total distance range 125- 
458 m). We did not detect any major motion-induced artefacts in the 
electrophysiology recordings. Recordings could be performed from 
the same animal across several days (=6 days per mouse; =3 days per 
hemisphere). 

A subset of our whole-cell recordings was made from place cells 
(overall firing rate = 2.2 + 0.4 Hz; in-field firing rate = 7.3 + 1.4 Hz; 
out-of-field firing rate = 1.5 + 0.4 Hz; field size = 43 + 13 cm; n= 8 
cells from 8 mice; Fig. 4a, b and Supplementary Figs 2a and 3). 
Approximately 36% of the spontaneously active putative pyramidal 
neurons had a place field along the virtual track, which is consistent 
with estimates from extracellular recordings and immediate early 
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Figure 4 | Ramp-like membrane potential depolarization inside place 
fields. a, Example whole-cell recording during runs through the cell’s place 
field. Grey boxes indicate the place field (middle example from b). b, Firing 
rates along the virtual linear track for 3 place cells recorded intracellularly 
from 3 different animals. The grey boxes indicate the primary place field 
determined by firing rates (Methods). Bottom, vertical lines mark the 
location along the track of every action potential in the recording. c, Average 
baseline membrane potential, excluding action potentials, sorted by position 
along the track for the 3 place cells from b. d, Average membrane potential 
inside and outside the place field. Each pair of connected points is from a 
single cell. Horizontal lines indicate the means. n = 8 cells from 8 mice. 

e, Average firing rates and changes in baseline membrane potential during 
complete runs through the place field. To combine data from several cells, 
position values in the place field were normalized. Black lines indicate the 
mean. Grey lines indicate the mean + s.e.m. Data are averaged over 84 
complete runs through the place field (8 cells). 


943 


©2009 Macmillan Publishers Limited. All rights reserved 


ARTICLES 


gene studies in rats exploring real environments*”** (see Methods). 
Place cells recorded intracellularly fired in theta bursts (high fre- 
quency bursts at >50Hz occurring at theta frequencies of ~6- 
10 Hz), resulting in interspike interval (ISI) distributions with peaks 
at <10 ms and ~130 ms, consistent with our extracellular measure- 
ments (compare Supplementary Fig. 4 and Fig. 3b). The individual 
action potentials during a theta burst often occurred during the 
ascending phase of an underlying theta oscillation (Fig. 5a, d). 
Spike amplitudes decreased within a burst without a change in the 
peak potential of the spike, suggesting that depolarizing intracellular 
oscillations contribute to intra-burst decreases in spike amplitude”. 
Whole-cell recordings from place cells can therefore be obtained in 
head-restrained mice behaving in virtual environments. 

From our whole-cell recordings of place-cell activity, we examined 
two types of membrane potential dynamics proposed by the theoretical 
models of place-cell function: ramps of depolarization, and modu- 
lation of theta oscillations (Fig. 1b—e, h-i). We first analysed changes 
in the average baseline membrane potential during behavioural epochs 
inside and outside the place field. As a mouse approached the recorded 
cell’s place field, the average membrane potential, excluding action 
potentials, increased in a ramp-like manner and remained increased 
until the place field was passed (Fig. 4a). The ramp of depolarization 
often began before action potential firing in the place field started, and 
in some cases reached a steady depolarization as large as ~10 mV (peak 
depolarization = 5.7 + 2.9 mV; Fig. 4a and Supplementary Figs 5 and 
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Figure 5 | Membrane potential theta oscillations in place cells. a, Top, 
example raw and filtered (6-10 Hz after spikes were removed) membrane 
potential traces during runs through the cell’s place field (grey boxes). 
Bottom, expanded portions of the raw and filtered traces. b, Power in the 
theta-frequency band sorted by position along the track for the cells from 
Fig. 4. Power was measured as the squared amplitude of the filtered trace. 
Grey boxes denote the primary place fields. c, Theta power inside and 
outside the place field for individual cells. Horizontal bars are means. n = 8 
cells from 8 mice. d, Spike times relative to intracellular theta. Left, example 
raw and filtered (6-10 Hz) membrane potential traces in the place field. Grey 
lines indicate peaks of theta oscillations (0°), black lines are times of spikes. 
Right, example phase (two cycles) versus position plot during place field 
traversals for a single cell. e, Intracellular phase values for spikes in the first 
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6). These depolarization events occurred preferentially in place fields; 
the average membrane potential excluding action potentials was higher 
in place fields than outside of place fields (Vin-tiela — Vout-of-field = 
2.5+0.5mV, P<0.0001; Fig. 4c, d and Supplementary Fig. 2b). 
Consistently, the baseline membrane potential and firing rate were 
strongly correlated (C= 0.55 + 0.10, P< 0.001). On complete runs 
through the place field, ramps of depolarization were asymmetric, with 
the peak depolarization shifted towards the end of the field (position of 
the peak depolarization = 72 + 24% of the distance through the field, 
P<0.05 versus 50%; slope before peak = 3.0 mV per place field length, 
slope after peak = 5.4 mV per field length, P< 0.001; Fig. 4e). In con- 
trast, firing rates were symmetric within the place field (position of the 
peak firing rate = 52 + 17% of the distance through the field, P> 0.6 
versus 50%; slope before peak = 13.3 Hz per place field length, slope 
after peak = 13.6 Hz per field length, P> 0.4; Fig. 4e), perhaps because 
firing rates were highest on the ascending part of a ramp depolariza- 
tion’ (Supplementary Fig. 7a). An asymmetric ramp-like depolariza- 
tion of the baseline membrane potential is therefore a subthreshold 
signature of place fields. 

We next examined the modulation of the amplitude and phase of 
membrane potential oscillations occurring at theta frequencies during 
runs along the virtual track. We measured intracellular theta oscilla- 
tions by band-pass filtering our membrane potential recordings from 
6-10 Hz, after action potentials were removed (Fig. 5a and Methods). 
When the mouse entered the recorded cell’s place field, the amplitude 
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and last eighth of the place field for individual place fields. Horizontal lines 
are the means. n = 12 place fields and 8 cells from 8 mice. f, Raw (left) and 
filtered (6-10 Hz, right) membrane potential and LFP traces in the place field 
from a simultaneous LFP and whole-cell recording. The times of LFP theta 
peaks (grey lines), intracellular theta peaks (circles) and spikes (crosses) are 
shown to illustrate the phase precession of spikes and intracellular theta 
relative to LFP theta oscillations, and the absence of phase precession of 
spikes relative to intracellular theta oscillations. g, Phase precession of spike 
times relative to intracellular theta (left), relative to LFP theta (middle) and 
phase precession of intracellular theta peak times relative to LFP theta 
(right) from a simultaneous LFP and whole-cell recording. In d and f, the top 
and bottom scale bar labels denote the top and bottom traces, respectively. 
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of intracellular theta oscillations increased (Fig. 5a). Theta-band 
power in the membrane potential trace was higher in place fields than 
outside of place fields (powern-feig = 1.7 + 0.4 mV’, power gut-of-feld = 
0.8 + 0.2 mV’, P< 0.01; Fig. 5b, c and Supplementary Figs 2c and 8). 
Consistently, theta oscillation amplitude and firing rate were highly 
correlated (C = 0.61 + 0.09, P< 0.001). In contrast, the amplitude of 
membrane potential theta oscillations was similar at all spatial loca- 
tions for putative CAl pyramidal neurons that did not have a place 
field (Supplementary Fig. 9) and for the LFP theta rhythm (Sup- 
plementary Fig. 10). 

To examine the modulation of the phase of intracellular theta, we 
compared intracellular theta fluctuations with LFP theta oscillations. 
We began by looking for phase precession of spike times relative to 
membrane potential theta oscillations. The intracellular phases of 
spike times did not change during runs through the place field, 
and the phase and position of spikes were not correlated 
(Aphase = 0.6 + 10.4° between the first and last eighth of the field, 
P>0.9; C= —0.01 + 0.08 between phase and position, P> 0.6; 
Fig. 5d—g). Because spike times advanced relative to LFP theta oscil- 
lations but not intracellular theta (compare Figs 3d, e and 5d, e), it is 
predicted that a phase shift between LFP and intracellular theta 
occurs during place field traversals. We therefore performed simu- 
Itaneous whole-cell and LFP recordings to compare directly the 
phases of intracellular and extracellularly recorded theta. During 
runs through the place field, the phase difference between intracel- 
lular and LFP theta shifted such that the intracellular theta oscillation 
phase precessed relative to the LFP theta rhythm (C= —0.26 + 0.12 
between LFP phase and position for the times of intracellular theta 
peaks; n = 2 cells from 2 mice; Fig. 5f, g and Supplementary Fig. 11a). 
Consistently, the frequency of intracellular theta oscillations in the 
place field was higher than the frequency of LFP theta fluctua- 
tions (measured as a ratio of periods of intracellular theta to 
periods of LFP theta; ratioin-feig = 0.97 = 0.21, P<0.01 versus 1; 
Afrequency = 0.22 Hz given a mean LFP frequency of 7.4Hz; see 
Methods and Supplementary Fig. 11b). In contrast, the frequencies 
of intracellular theta and LFP theta during epochs outside the place 
field were similar (ratiogut-of-field = 1.01 £0.22, P>0.2 versus 1; 
Supplementary Fig. 11b). Intracellular theta oscillations in place cells 
were therefore not constant in amplitude or phase (relative to LFP 
theta) throughout runs on the linear track; rather, membrane poten- 
tial theta oscillations were dynamically modulated across positions in 
virtual space. 

Ramp-like depolarizations of the membrane potential and 
increases in intracellular theta oscillation amplitude were present 
simultaneously, which can be demonstrated directly by filtering the 
membrane potential trace from DC-10 Hz (Fig. 1f). Consistently, 
intracellular theta power and the baseline membrane potential were 
highly correlated (C = 0.52 + 0.07, P< 0.001; Figs 4c and 5b and 
Supplementary Fig. 2b, c). To determine whether ramps of depolariza- 
tion trigger increases in theta amplitude, we injected ramps of current 
at the soma while the animal was running along the virtual track, and 
measured changes in theta power. Theta power increased weakly with 
higher levels of depolarization; however, the increase in power was 
smaller than during runs through the place field (P< 0.01 at similar 
AVvalues; compare Figs 4c, 5b and Supplementary Fig. 7b). Ramp-like 
depolarizations of the membrane potential therefore were not suf- 
ficient to cause the increases in theta oscillation amplitude observed 
in place fields. 

Our whole-cell recordings revealed two further subthreshold 
phenomena. First, in a fraction of our recordings we observed 
spikelets, brief small amplitude deflections of the membrane poten- 
tial (2 out of 8 place cells; amplitude = 7.4 + 1.3 mV, full-width at 
half-maximum =1.6 + 0.4 ms; 0.06 + 0.05 spikelets per second; Sup- 
plementary Fig. 12a)*°. Second, bursts of action potentials were occa- 
sionally followed by large (~ 10-25 mV) depolarizations lasting up to 
50-100 ms” (Supplementary Fig. 12b). These events sometimes con- 
tained broadened spikes of reduced amplitude, consistent with Ca7* 


ARTICLES 


spikes recorded in slices**. Further analysis is required to assess the 
prevalence, significance and mechanisms of these events. 


Discussion 


Here we have developed a visual virtual-reality system in which head- 
restrained mice performed spatial behaviours along a virtual linear 
track. Hippocampal place-cell activities were triggered during runs 
along the track, with similar properties to those recorded in real environ- 
ments. Because the mouse was head-restrained, we were able to obtain 
whole-cell recordings lasting many minutes in awake mice using 
standard patch-clamp techniques. Furthermore, this set-up can prob- 
ably be combined with two-photon laser scanning microscopy, which 
has previously been performed in mice running on the spherical tread- 
mill’. Virtual reality also offers the ability to design highly custom 
environments, and to manipulate these environments rapidly through 
software. We therefore anticipate that our virtual-reality system will 
make new types of experiments exploring spatial information encoding 
possible. 

We identified three subthreshold signatures of place fields: an 
asymmetric ramp-like depolarization of the baseline membrane 
potential, an increase in the amplitude of membrane potential theta 
oscillations, and a phase precession of intracellular theta relative to 
LFP theta, such that spike times advanced relative to LFP theta but 
not intracellular theta (Figs 1f, 4 and 5). These findings seem incon- 
sistent with the mechanisms underlying dual oscillator models**", 
network models’° and an experience-dependent model” of hippo- 
campal rate and temporal coding because each model predicts mem- 
brane potential dynamics that differ significantly from our observed 
subthreshold signatures (Figs 1b, c, e-h). Our data are most consist- 
ent with a soma-dendritic interference model that proposes interac- 
tions between a spatially independent inhibitory oscillatory input 
near the soma, and a spatially dependent (increasing in the place 
field) and temporally patterned (at theta) dendritic excitatory 
input’®’?'*'>, With an appropriate choice of conductances’, the 
soma-dendritic interference model predicts, in the place field, 
ramp-like depolarizations (Figs 1d and 4), an increase in theta ampli- 
tude (Figs 1d and 5a—c), and precession of intracellular theta relative 
to extracellular theta (Figs li and 5f, g). We note, however, that we 
observed an asymmetric ramp-like depolarization (Fig. 4e), which 
may be important for phase precession across the entire place field’’, 
compared with a symmetric ramp proposed in this model. We do not 
exclude the possibility that revised forms of other models could 
potentially explain the intracellular dynamics we observed. Other 
experiments will be necessary to define and quantify the cellular 
and synaptic mechanisms underlying the intracellular dynamics we 
measured, including in the context of the entorhinal cortex*’®*’, and 
to establish their causal relationship to rate and temporal codes in the 
hippocampus. The virtual-reality system developed here, combined 
with electro- and opto-physiological methods, will probably facilitate 
this analysis. 


METHODS SUMMARY 


A virtual-reality system was designed using an air-supported spherical treadmill for 
head-restrained mice’’, in combination with a projection-based visual display 
system”, in which a toroidal screen presented an image from a projector by an 
angular amplification mirror*'. Custom software to control the virtual-reality 
system was developed on the basis of the Quake2 game engine. Rotations of the 
spherical treadmill, measured by an optical computer mouse, were used to update 
the visual display. Water-scheduled C57BL/6J mice (8-12 weeks old) were trained 
using operant conditioning to run from end-to-end of a virtual linear track 
(180cm long) to obtain water rewards. For electrophysiology measurements, a 
small craniotomy (~0.5 mm diameter) was made centred over dorsal hippocam- 
pus (2.2 mm caudal, 1.7 mm lateral to bregma). The craniotomy was sealed with 
silicone grease and then covered with silicone elastomer to allow recordings across 
several days. Extracellular recordings were made using a glass electrode (filled with 
0.5 M NaCl, ~2.5 MQ pipette resistance) mounted on a micromanipulator posi- 
tioned behind the mouse. Whole-cell recordings were obtained using standard 
blind patch methods. Patch pipettes were pulled with a long taper (~100 um 
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diameter at 1 mm from the tip) to minimize damage to the overlying cortical tissue, 
and were mounted on a micromanipulator positioned outside the field of view. 
Firing rate maps were calculated for 80 spatial bins along the virtual track as the 
number of spikes in a bin divided by the time spent in that bin. Changes in baseline 
membrane potential in the place field were measured from membrane potential 
traces excluding spikes. Theta oscillations were analysed after band-pass filtering 
(6-10 Hz) of the membrane potential recording using a linear phase finite impulse 
response filter. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Virtual-reality set-up. The virtual-reality system (Fig. 2a and Supplementary 
Fig. 1) was designed around an air-supported spherical treadmill (8-inch dia- 
meter Styrofoam ball) for head-restrained mice that was previously used for in 
vivo optical imaging at cellular resolution’’. A projection-based visual display, 
similar to the system used in a body-tethered rat virtual-reality system”, pre- 
sented a computer rendered scene with a 270° horizontal field of view and a 
vertical field from +60° to —20° relative to the mouse’s head. The toroidal screen 
displayed the two-dimensional image from a Mitsubishi HC3000 digital light 
processing projector reflected off of a 15 cm diameter round mirror anda 15cm 
diameter angular amplification mirror (AAM)”' with an angular amplification 
factor of 12. The AAM was machined out of aluminium using a CNC machine 
and then polished by hand. The screen was ~46 cm tall and ~80 cm in outer 
diameter, and was constructed out of a semi-reflective nylon material (Rose 
Brand fabrics) supported by a frame of stainless steel rods. Water rewards were 
delivered by a solenoid valve (NResearch) attached to a water-feeding tube 
(Popper and Sons) positioned directly in front of the animal’s mouth such that 
the mouse could lick the meniscus. Rotations of the Styrofoam ball were 
measured by an optical computer mouse (Logitech MX1000) that was posi- 
tioned below the field of view in front of the animal at the point where the ball’s 
equator intersected the animal’s rostral-caudal body axis. A computer running 
Labview used USB-communicated signals from the optical mouse to compute 
low-pass filtered ball rotational velocity around both the horizontal axis (per- 
pendicular to the body axis) and vertical axis. These velocities were then output 
as analogue control voltages using a D/A converter (National Instruments) and 
used as input control signals to a separate computer running the virtual-reality 
software. 

The virtual-reality software we developed was on the basis of the open source 
Quake2 game engine (id software), using code ported to Visual Studio 2008 
(Microsoft). The rendering engine was modified, using cube map texturing in 
OpenGL graphics*’, to display a ‘fisheye’ transform of the perspective of the 
virtual player, such that the image reflected off the AAM and displayed on the 
screen had the geometrically correct perspective for the mouse on the ball. 
Software to control the water reward system, input information on ball rotation 
velocity, and output voltages proportional to position and view angle within the 
environment was also developed by adding A/D and D/A control to the game 
engine, using National Instruments multifunction cards. Ball velocity around the 
vertical axis was used as a control signal for changing view angle in the virtual 
environment, whereas velocity around the horizontal axis was used as a control 
signal for forward and backward movement. Other open source gaming software 
(Quark, http://quark.planetquake.gamespy.com/) was used to build the virtual 
linear track. To synchronize behaviour data with electrophysiology recordings, 
an independent computer with a Digidata 1440A interface running Clampex 
software (Molecular Devices) digitized and stored real time information about 
the mouse’s location in the virtual environment together with solenoid (water 
reward) control signals, ball rotational velocities, and electrophysiological data. 
Behavioural training. Eight-to—twelve-week-old male C57BL/6J mice (Jackson 
Labs) were used for all experiments. C57BL/6J mice were selected because they 
have good vision compared to other inbred strains” and are a common back- 
ground strain for transgenic mice. All experimental procedures were performed 
in compliance with the Guide for the Care and Use of Laboratory Animals 
(http://www.nap.edu/readingroom/books/labrats/) and were approved by 
Princeton University’s Institutional Animal Care and Use Committee. Before 
behavioural training, titanium head plates with a large central opening (2.5 cm 
wide X 0.9cm long X 0.08 cm thick; central opening: 0.89 cm wide X 0.61 cm 
long) were implanted on mice and affixed to the skull using dental cement 
(Metabond, Parkell). Sites for future craniotomies over the left and right dorsal 
hippocampi were marked using stereotactic coordinates (2.2mm _ caudal, 
1.7 mm lateral to bregma). After head plate implantation, mice were placed on 
a water schedule in which they received 1 ml of water per day. Body weights were 
checked to ensure mice were ~80% of their pre-water-restriction weight’. 

After at least 5 days of water scheduling, behaviour training began. In each 
training session, mice were placed on the experimental apparatus with their head 
fixed in place. The head was centred over the middle of the Styrofoam ball with 
the headplate ~2.6cm from the top of the ball. A lick tube to deliver water 
rewards was positioned in front of the mouse’s mouth. The water rewards earned 
during behaviour were included in the mouse’s daily water allotment such that a 
mouse received exactly 1 ml of water per day. Each training session (one per day) 
lasted 45 min with the virtual-reality system turned on for all sessions. The first 
several sessions mostly involved acclimation to the apparatus and learning to run 
on the spherical treadmill. 

Mice were trained to perform behaviours along a virtual linear track. The 
virtual track was 180 cm long and 9 cm wide, measured as the number of rotations 
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of the Styrofoam ball to move from one end of the track to the other times the 
circumference of the ball. The effective width of the track (that is, the distance the 
mouse could actually move) was ~1 cm, rather than 9 cm, because in Quake2 the 
player is surrounded by a bounding box that gives him a fixed width. The track 
had short proximal walls with different textures for each third of the track 
(0-60 cm: white with black dots, 61-120 cm: vertical white and black stripes, 
121-180 cm: black with white dots). The proximal walls at the ends of the track 
were green with black dots to mark the reward zones. Tall distal walls were 
positioned at 60 cm (horizontal black and white stripes) and 120 cm (green with 
black crosses). The floor and ceiling were black throughout the track. Green was 
selected as the only non-black or white colour because electrophysiological and 
behavioural data indicate that mice can detect wavelengths of ~500 nm”. Mice 
received small water rewards (4 ll) for running between reward zones positioned 
at opposite ends of the track (zone 1 postion: 0-9cm; zone 2 position: 171— 
180 cm). After receiving a reward at one reward zone, the mouse then had to 
run to the other reward zone to receive the next reward; two consecutive rewards 
could not be obtained from a single reward site. Linear track behavioural data 
(Fig. 2c-e) were from mice trained only on the linear track. Some animals used for 
electrophysiology recordings were trained in other virtual environments before 
training in the linear track. During electrophysiology experiments, behavioural 
performance was in some cases degraded due to satiation from water rewards and 
because the visual display was turned off while patch pipettes were changed. 
Electrophysiology. After at least five training sessions on the virtual linear track, 
a small craniotomy (~0.5 mm diameter) was made over the left hippocampus 
(2.2 mm caudal, —1.7 mm lateral to bregma). The dura was left intact for both 
extracellular and intracellular recordings. Because behavioural performance was 
degraded on the day of surgery and anaesthesia, electrophysiology recordings 
were performed starting the next day. To preserve the craniotomy across days, it 
was covered with silicone grease (Dow Corning) and then with a layer of silicone 
elastomer (Kwik-Sil, World Precision Instruments) until the time of recording. 
Extracellular recordings (Fig. 3 and Supplementary Fig. 10) were made using a 
single glass electrode filled with 0.5 M NaCl (~2.5 MQ pipette resistance). The 
electrode was mounted vertically (perpendicular to the surface of the brain) ona 
micromanipulator (Sutter MP285) that was positioned behind the mouse and 
thus outside the mouse’s field of view. The reference electrode was positioned 
outside the craniotomy in extracellular saline containing (in mM): 150 NaCl, 
2.5 KCI, 10 HEPES, pH 7.4. Signals were electronically filtered between 500 Hz 
and 7.5 kHz and digitized at 20 kHz. For measurements of the LFP and phase 
precession, signals were electronically filtered between 2 Hz and 10 kHz; spikes 
and the LFP were recorded on the same electrode. The position of the top of the 
brain was noted as a large resistance increase when the electrode made contact 
with the dura. As the electrode was advanced through cortex, spikes were present 
in each layer. Upon entering the external capsule, a change in the recording was 
noted, especially from changes in sound quality using an audio monitor. The 
CAI cell body layer was ~200 ttm beneath the external capsule and was char- 
acterized by strongly theta-modulated spiking. Putative pyramidal neurons were 
found as units firing complex bursts separated at theta frequencies”. In all 
animals CA1 recordings were made at a depth of ~1.1 mm; cells were found 
reproducibly at this depth across several electrodes and days. To confirm that 
this recording position was in the CA1 cell body layer, in a separate experiment 
we electroporated Alexa 488 dextran (5% (w/v) in extracellular saline, 4A 
pulses, 25 ms pulse duration, 600 pulses at 2 Hz) using a recording pipette and 
found bright labelling of CA1 cell bodies in histology sections. At this depth, we 
searched for well-isolated units of large amplitude and recorded their activity for 
~ 15-30 min, which was enough time for the mouse to sample thoroughly the 
virtual linear track. Spikes were sorted offline using a threshold analysis. At most 
one unit was isolated from a single recording. To check the quality of unit 
isolation, we overlaid all spike waveforms to make sure that they matched by 
visual inspection (Fig. 3a), and we plotted ISI distributions to make sure no 
spikes fell within the refractory period (<1-2 ms; Fig. 3b). Extracellular record- 
ings were made from a total of 8 mice. In some cases a second craniotomy was 
made over the right hemisphere to extend the number of recording sessions from 
a single animal. Recordings were made for up to 4 days from the same cranio- 
tomy. Place cells were found in every mouse tested. 

Whole-cell recordings were made using the same experimental set-up as for 
extracellular recordings. Pipettes (~5-7 MQ) were filled with internal solution 
containing (in mM): 135K-gluconate, 10HEPES, 10 .Na2-phosphocreatine, 
4 KCI, 4 MgATP, 0.3 Na3GTP (pH 7.25 with KOH, 285 mOsm). We pulled pipettes 
with a long taper (~100 jum diameter at 1 mm from the tip) to minimize damage to 
the overlying cortical tissue and to reduce compression of the tissue while advancing 
the pipette. The pipette was mounted vertically on a standard micromanipulator 
(Sutter MP285) positioned outside the mouse’s field of view; special methods to 
anchor the pipette'”'* were not necessary. We used standard blind patch methods to 
obtain whole-cell recordings*. In brief, we applied ~250 mbar of positive pressure 
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while moving the pipette through the cortex and reduced the pressure to ~ 15 mbar 
while searching for cells in the hippocampus. The CA1 cell body layer was located 
using a depth coordinate obtained from extracellular recordings in the same animal. 
We attempted to form a seal when we observed large (~50%), reproducible 
increases in pipette resistance. Recordings were made in current clamp mode with 
no holding current. Membrane potential values were corrected for liquid junction 
potentials. We obtained recordings lasting longer than 3 min from 46 cells from 15 
mice, with a peak success rate of approximately one such recording in every five 
attempts. Recordings were abandoned when we observed large increases in resting 
potential or large decreases in spike amplitude. We obtained whole-cell recordings 
for up to 3 days from the same craniotomy. Whole-cell recordings from place cells 
lasted on average 7.1 + 2.8 min and had series resistances of 48 + 16 MQ, input 
resistances of 98 + 23 MQ, and resting membrane potentials of —67 + 4 mV. Firing 
rates from place cells recorded intracellularly tended to be higher than those 
recorded extracellularly, both inside and outside the place field, potentially because 
a fraction of spikes measured extracellularly were lost during spike sorting. All other 
place-cell parameters (for example, field size, ISI distribution) were similar between 
cells recorded extracellularly and intracellularly. Although we cannot exclude 
possible effects of dialysis of the cell during whole-cell measurements, such effects 
are probably small owing to short recording durations and relatively high series 
resistances. In experiments to assess the connection between ramps of depolariza- 
tion and changes in theta oscillation amplitude (Supplementary Fig. 7), ramps of 
current (4s duration, 1—-1.5nA at the peak) were injected at the soma after 11s 
without current injection. Only trials in which the animal was running at greater 
than 10 cms! were analysed. 

To perform whole-cell and extracellular recordings simultaneously (Fig. 5f, g 
and Supplementary Fig. 11), we mounted two glass electrodes on separate micro- 
manipulators, which were both positioned behind the mouse, and advanced the 
electrodes independently through separate craniotomies on the same hemi- 
sphere. Whole-cell recordings were made at the standard coordinates as 
described earlier. The extracellular recording electrode (filled with 0.5M 
NaCl) was mounted at a 40° angle relative to the midline and a 45° angle with 
respect to the vertical. The craniotomy for the extracellular electrode was posi- 
tioned caudal and either lateral for the left hemisphere or medial for the right 
hemisphere relative to the craniotomy for intracellular recordings. The tip of the 
extracellular electrode was positioned at a depth of ~1.2mm and ~250um 
caudal to the centre of the craniotomy for whole-cell recordings. The extracel- 
lular recordings were filtered between 1 Hz and 10 kHz. 

From our 46 hippocampal whole-cell recordings, 41 cells were spontaneously 

active (overall firing rate >0.05 Hz). We classified 7 of the spontaneously active 
cells as interneurons on the basis of high overall firing rates (>5 Hz) and the 
absence of complex spike bursts. The remaining 34 spontaneously active cells 
were categorized as pyramidal neurons. To estimate the fraction of sponta- 
neously active pyramidal neurons that had a place field along the virtual linear 
track, we considered only those recordings during which the animal visited each 
of the 80 spatial segments at least 3 times, with visits separated by at least 2s in 
time. We estimate that 36% of spontaneously active pyramidal neurons had 
place fields in the virtual environment (8 out of 22 cells). During whole-cell 
place-cell recordings, the place field was visited 20 + 8 times on average, with 
visits separated by at least 2s in time. 
Data analysis. To create firing rate maps (Figs 3c, 4b and Supplementary Fig. 2a), 
we divided the virtual linear track into 80 bins (2.25 cm each) and calculated the 
firing rate as the total number of spikes in a bin divided by the total amount of 
time spent in a bin. The maps were smoothed using a five point Gaussian window 
with a standard deviation of one. Periods in which the mouse ran slower than 
5cms 1, averaged over a 2-s window, were removed from the analysis. To 
identify place fields, we found groups of adjacent bins with firing rates greater 
than 0.25 times the rate in the peak bin. We selected only those fields that were 
larger than 8 bins (18 cm) in length, had mean in-field firing rates of greater than 
1.5 Hz, and had mean in-field firing rates more than 3 times larger than the mean 
out-of-field firing rate. To verify that place fields were a statistically significant 
increase in firing rate, we performed a bootstrap shuffle test. We shuffled the 
times of spikes in 10s segments, calculated new firing rate maps using the 
unshuffled bin dwell times, and then checked for a place field using the above- 
stated criteria. This procedure was repeated 1,000 times per place-cell recording. 
We called a cell a place cell only if a place field was found in the unshuffled data 
and in fewer than 2% of the shuffled tests (P< 0.02). Across the place cells we 
recorded, we found place fields at all positions along the linear track. Spikes were 
separated into leftward and rightward runs based on the head direction of the 
animal with regard to the virtual track (measured as the player’s view angle in 
Quake2). A directionality index for firing based on firing rates in leftward and 
rightward directions (FRief, FRright) was defined as |FRiep — FRright|/ 
(FRiee+ FRyight)- A directionality index of 0 indicates identical firing in both 
directions, whereas an index of | indicates firing in one direction only. 
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To quantify the average baseline membrane potential as a function of position 
along the virtual track (Fig. 4c and Supplementary Fig. 2b), we first removed the 
contribution of action potentials by discarding all time points between 4 ms before 
and 7 ms after an action potential’s peak. We then created a map of membrane 
potential values by grouping the membrane potentials into 80 spatial bins along the 
track and calculating an average membrane potential for each bin. The membrane 
potential map was smoothed using a five point Gaussian window with a standard 
deviation of one. Large, long-lasting depolarizations of the baseline membrane 
potential occurred infrequently outside the place field (2.3 + 1.3 events per record- 
ing for depolarizations of greater than 2 mV lasting longer than 0.5 s). 

To analyse ramps of depolarization during complete runs through the place 
field (that is, the mouse did not turn around inside the place field), we calculated 
changes in membrane potential (AV) after action potentials were removed (Fig. 4e 
and Supplementary Figs 5 and 6b). We defined the baseline membrane potential 
as the mean membrane potential from 500 ms to 1 s before the mouse entered the 
place field and subtracted this baseline from all membrane potential values during 
the run to get AV values. The peak AV during a run through the place field 
(Supplementary Fig. 6b) was calculated after smoothing the AV values over a 
sliding window of length 50 ms such that the peak value was representative of the 
ramp-like depolarization rather than brief, high frequency depolarizations. To 
analyse the symmetry of firing rates and ramps of depolarization in place fields 
(Fig. 4e), we considered runs starting half the place field’s width before the place 
field and ending half the place field’s width beyond the place field (total length was 
twice the length of the place field). Because place fields varied in size between cells 
and runs through the field differed in duration, we divided each run into 60 
equally sized spatial bins and calculated the mean firing rates and AV for each 
1/60th of the run (that is, 15 spatial bins before the place field, 30 bins in the field, 
and 15 bins after the field). All runs through the field were plotted with increasing 
track position values so that runs in opposite directions could be combined. 

To analyse subthreshold theta oscillations (Fig. 5 and Supplementary Figs 2c, 7 
and 9), spikes were removed over a window of 3 ms preceding and 5 ms after the 
peak and were replaced using linear interpolation. The resulting trace was then 
band-pass filtered between 6-10 Hz (a peak in the ISI distribution) using a linear 
phase finite impulse response (FIR) filter with a Hamming window of width 1 s 
(Matlab function firl). To create a map of theta power along the virtual track, 
power was calculated as the mean of the squared amplitude for a sliding window 
of length 1 s for the entire recording, with the centre of the window providing the 
position along the track. The power values were grouped into 80 spatial bins 
along the track and smoothed using a five point Gaussian window with a stand- 
ard deviation of one. Power spectra for epochs in and out of the place field were 
obtained using multi-taper spectral analysis methods (Chronux toolbox, http:// 
chronux.org; Supplementary Fig. 8). Running speed, which can influence theta 
oscillations*?, was similar inside and outside the place field (in-field 
speed = 49 +6cm s |, out-of-field speed = 47 +4cm s |, P>0.7). LEP theta 
oscillations were present when the animal was running (Fig. 3d and 
Supplementary Fig. 10) and absent when the animal was resting. 

To analyse phase precession (Figs 3d, e and 5d—g), we considered complete runs 
through the place field (that is, the animal did not turn around in the field) that had 
at least 5 spikes and in which the animal ran faster than 10 cms’. Only cells with 
more than 40 total spikes in the place field were included. Extracellular or intra- 
cellular (after removing spikes) voltage traces were band-pass filtered between 
6-10 Hz using an FIR filter. To assign a phase to a spike occurring at time 4 we 
identified, in the filtered trace, the times of the peaks immediately preceding and 
following the spike (t, and 4, respectively) and calculated the phase as 360(t — t))/ 
(t — t,). We circularly shifted the phase of the spikes in 1° steps from 0° to 360°, 
continuing across the 360° border, and fit a linear regression line to the phase 
versus position plot at each rotation*’’. We found the rotation with the best fit, 
such that the sum of squared errors between the fit line and data was minimized, 
and used the correlation coefficient between phase and position at this rotation as a 
measure of phase precession. All phase values are from the raw data in relation to 
theta phase, with 0° indicating the peak. To measure the precession of intracellular 
theta relative to extracellular theta (Fig. 5g), we first identified the times of the 
peaks of the filtered (6-10 Hz) membrane potential trace during runs through the 
place field. For each peak of intracellular theta, we found the corresponding phase 
of the simultaneously recorded extracellular theta and the position of the mouse 
along the virtual track and followed the same procedures that were used for the 
analysis of the phase precession of spike times. To quantify the change in times 
between intracellular theta peaks and LFP theta peaks during place field traversals 
(Supplementary Fig. 11a), we found the time difference between the first LFP theta 
peak and the first intracellular theta peak in the place field, the time difference 
between the second LFP theta peak and the second intracellular theta peak, and so 
on. To quantify frequency differences between intracellular and LFP theta 
(Supplementary Fig. 11b), we calculated the ratio of the period of the first intra- 
cellular oscillation to the period of the first LFP oscillation, the ratio of the period of 
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the second intracellular oscillation to the period the second LFP oscillation, and so 
on using peaks from the filtered (6-10 Hz) traces. We determined these ratios for 
complete runs through the place field and 3 s long epochs outside the place field. 

Data are presented as mean + s.d. unless noted otherwise. P values are from 
two-tailed #tests unless stated otherwise. Correlation coefficients (C) are from 
Pearson’s correlations. 
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Asymmetric centrosome inheritance 
maintains neural progenitors in the 
neocortex 


Xiaoqun Wang’, Jin-Wu Tsai*, Janice H. Imai’’, Wei-Nan Lian’, Richard B. Vallee” & Song-Hai Shi!” 


Asymmetric divisions of radial glia progenitors produce self-renewing radial glia and differentiating cells simultaneously in 
the ventricular zone (VZ) of the developing neocortex. Whereas differentiating cells leave the VZ to constitute the future 
neocortex, renewing radial glia progenitors stay in the VZ for subsequent divisions. The differential behaviour of progenitors 
and their differentiating progeny is essential for neocortical development; however, the mechanisms that ensure these 
behavioural differences are unclear. Here we show that asymmetric centrosome inheritance regulates the differential 
behaviour of renewing progenitors and their differentiating progeny in the embryonic mouse neocortex. Centrosome 
duplication in dividing radial glia progenitors generates a pair of centrosomes with differently aged mother centrioles. During 
peak phases of neurogenesis, the centrosome retaining the old mother centriole stays in the VZ and is preferentially 
inherited by radial glia progenitors, whereas the centrosome containing the new mother centriole mostly leaves the VZ and is 
largely associated with differentiating cells. Removal of ninein, a mature centriole-specific protein, disrupts the asymmetric 
segregation and inheritance of the centrosome and causes premature depletion of progenitors from the VZ. These results 
indicate that preferential inheritance of the centrosome with the mature older mother centriole is required for maintaining 


radial glia progenitors in the developing mammalian neocortex. 


Radial glia cells constitute a major population of neural progenitor 
cells that occupy the proliferative VZ in the developing mammalian 
neocortex’. In addition to their well-characterized function as a 
scaffold in supporting neuronal migration’, radial glia cells display 
interkinetic nuclear oscillation and proliferate extensively at the lumi- 
nal surface of the VZ (that is, the VZ surface). During the peak phase of 
neurogenesis (around embryonic day 13-18 (E13—E18) in mice) they 
predominantly undergo asymmetric division to self-renew while 
simultaneously giving rise either directly to a neuron, or to an inter- 
mediate progenitor cell which subsequently divides symmetrically to 
produce neurons**. Whereas differentiating progeny progressively 
migrate away from the VZ to form the cortical plate (CP)—the future 
neocortex—renewing radial glia progenitors remain in the VZ for 
subsequent divisions. The distinct migratory behaviour of radial glia 
progenitors and their differentiating progeny is fundamental to the 
proper development of the mammalian neocortex; however, little is 
known about the basis of these behavioural differences. 
Centrosomes, the main microtubule-organizing centres in animal 
cells’, have an important role in many cell processes, particularly 
during cell division’ and cell migration'’'’. All normal animal cells 
initially inherit one centrosome, consisting of a pair of centrioles 
surrounded by an amorphous pericentriolar material. The two cen- 
trioles differ in their structure and function”'*’*. The older ‘mother’ 
centriole, which is formed at least one-and-a-half generations earlier, 
possesses appendages/satellites that bear specific proteins, such as 
cenexin (also known as Odf2)'’” and ninein'**°, and anchor micro- 
tubules and support ciliogenesis”'. In contrast, the younger ‘daugh- 
ter’ centriole, which is formed during the preceding S phase, lacks 
these structures. Full acquisition of appendages/satellites by the 


daughter centriole is not achieved until at least one-and-a-half cell 
cycles later**”*. During each cell cycle, the centrosome replicates once 
in a semi-conservative manner”, resulting in the formation of two 
centrosomes: one of which retains the original old mother centriole 
(that is, the mother centrosome) while the other receives the new 
mother centriole (that is, the daughter centrosome)'*””. This intrinsic 
asymmetry in the centrosome has recently been demonstrated to be 
important for proper spindle orientation during the division of male 
germline stem cells”*”° and neuroblasts’”** in Drosophila, although 
female germline stem cells appear to divide normally in the absence 
of centrioles/centrosomes”. These studies indicate a critical role for 
the differential behaviour of centrosomes with differently aged mother 
centrioles in asymmetric division of the progenitor/stem cells**~’, 
although it remains unclear whether proper behaviour and develop- 
ment of the progenitor/stem cells and their differentiating daughter 
cells depend on centrosome asymmetry. Asymmetric division of radial 
glia progenitors accounts for nearly all neurogenesis in the developing 
mammalian neocortex’*. Three out of four autosomal recessive 
primary microcephaly (MCPH) genes identified so far encode cen- 
trosomal components™, suggesting that proper neocortical neurogen- 
esis and development entail a tight regulation of the centrosome”, 
which is so far poorly understood. To address these issues, we inves- 
tigated centrosome regulation during the peak phase of mammalian 
neocortical neurogenesis (Supplementary Fig. 1). 


Centriole and centrosome asymmetry 

To examine centrosome behaviour, we introduced a plasmid encoding 
centrin 1, a central component of the centriole, fused with enhanced 
green fluorescent protein (EGFP—CETN1) into the developing 


'Developmental Biology Program, Memorial Sloan Kettering Cancer Centre, 1275 York Avenue, New York, New York 10065, USA. Departments of Pathology and Cell Biology, 
Columbia University, 630 W. 168th Street, New York, New York 10032, USA. 7>BCMB Allied Program, Weill Cornell Medical College, 1300 York Avenue, New York, New York 10065, 


USA. 
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Figure 1| Centriole and centrosome asymmetry in the developing 
neocortex. a, Images of E14.5 cortices electroporated with EGFP—CETN1 
(green) at E13.5 (E13.5-E14.5) and immunostained for y-tubulin (red). 

b, Images of cortices electroporated with EGFP—CETN1 (green) and 
DsRedexpress (DsRedex, red) and counterstained with DAPI (blue). Arrows 
and the arrowhead indicate the centrosomes. Pia represents the pial surface 
of the neocortex. c, Images of cortices electroporated with EGFP-Nin (green, 


neocortex of E13.5 mouse embryos by in utero electroporation 
(Supplementary Fig. 2a). As expected, EGFP—CETN1 formed pairs 
of dots that co-localized with y-tubulin, a centrosomal marker 
(Fig. 1a), suggesting that transient expression of EGFP—CETNI reliably 
labels the two centrioles of individual centrosomes in the developing 
neocortex in vivo. Moreover, we observed that at the onset of peak 
neurogenesis (E13—E14), EGFP—CETN1-labelled centrosomes were 
predominantly located at the VZ surface with a small subset located 
in the subventricular zone (SVZ) and the intermediate zone (IZ) 
(Fig. la and Supplementary Fig. 2b). 

To identify the cell types harbouring EGFP—CETN1-labelled cen- 
trosomes, we co-electroporated a plasmid encoding DsRedexpress 
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EGFP-CETN1/ /DNA 


arrows) and DsRedex—CETNI1 (red, arrows and arrowheads) and 
immunostained for pericentrin 1 (blue). d, Images of dividing radial glia cells 
in late mitosis (broken circles) with condensed chromosomes (DAPI, blue) 
expressing EGFP-Nin (green, arrows) and DsRedex—CETN1 (red, arrows 
and arrowheads). Broken lines indicate the cleavage plane. Scale bars: 

a, 10 tm and 5 um; b, 25 pum, 2.5 um, 10 tum, 5 jum and 5 um (from top to 
bottom); ¢, 20 um and 2 tum; d, 5 um. 


(DsRedex), a red fluorescent protein that diffuses throughout cells 
and thereby reveals their morphology (Fig. 1b). We found that in 
bipolar radial glia progenitors in the VZ the centrosome was located 
in their ventricular endfeet at the VZ surface (Fig. 1b, cell 1) as 
previously suggested***’, whereas in multipolar cells in the IZ and 
the SVZ the centrosome was harboured in their cell bodies (Fig. 1b, 
cell 2). Moreover, we observed dividing radial glia progenitors that 
possess a pair of centrosomes together with condensed chromosomes 
at the VZ surface (Fig. 1b, cell 3). Consistent with this differential 
centrosome localization between radial glia progenitors and their 
differentiating daughter cells, we observed a progressive increase in 
the appearance of EGFP—CETN1-labelled centrosomes in the IZ and 
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the CP as development proceeded, in addition to some that remained 
at the VZ surface (Supplementary Fig. 2b, c). This gradual increase in 
centrosome localization in the IZ and the CP coincided with the 
production and migration of differentiating cells such as neurons 
to these regions during this period. 

The distinct positioning of the centrosome in radial glia progeni- 
tors versus their differentiating progeny prompted us to ask whether 
the centrosomes in these two cell populations/types are different. To 
explore this, we electroporated a plasmid encoding ninein, a mature 
centriole-specific protein that localizes to appendages/satellites'*"’, 
fused with EGFP (EGFP-Nin) together with a plasmid encoding 
CETN1 fused to DsRedex (DsRedex—CETN1) into the developing 
mouse neocortex at E13.5. As expected, both EGFP—Nin and 
DsRedex—CETN1 formed dot-like structures and co-localized to 
the centrosomes, especially those at the VZ surface, as identified by 
an antibody to the integral centrosomal protein pericentrin 1 
(Fig. 1c). Notably, EGFP—Nin was preferentially concentrated at 
one of the two centrioles marked by DsRedex—CETN1 in individual 
centrosomes (Fig. 1c), suggesting that the two centrioles in inter- 
phase radial glia progenitors are not identical. Given that Nin spe- 
cifically associates with mature centrioles'*, these results indicate 
that the centriole with abundant EGFP-Nin is the more mature 
mother centriole, whereas the one with little EGFP—Nin is the less 
mature daughter centriole. A similar inequity in the recruitment of 
EGFP-Nin by the duplicated centrosomes was also observed in divid- 
ing radial glia progenitors at the VZ surface (Fig. 1d), indicating that 
the duplicated centrosomes are not identical during late mitosis. The 
centrosome with abundant EGFP-Nin is probably the centrosome 
that retains the mature old mother centriole and the centrosome with 
little EGFP—Nin is probably the centrosome that bears the relatively 
immature new mother centriole. 

Having found that the centrosomes in dividing radial glia progeni- 
tors exhibit asymmetry in their maturity, we next asked whether this 
centrosome asymmetry is related to the distinct behaviour of radial glia 
progenitors and their differentiating progeny in the developing neo- 
cortex during neurogenesis. To address this, we compared the relative 
distribution of centrosomes labelled by DsRedex—CETN1 versus those 
labelled by EGFP—Nin in the developing neocortex as development 
proceeded (Supplementary Fig. 3). Interestingly, whereas DsRedex— 
CETN1-labelled centrosomes progressively occupied the IZ and the 
CP, where differentiating cells are situated, EGFP—Nin-labelled cen- 
trosomes were mostly found in the VZ, where radial glia progenitors 
are located. Given that DsRedex-CETNI1 labels all centrosomes 
whereas EGFP-Nin selectively labels mature centrosomes, these results 
point to an intriguing possibility that the duplicated centrosomes in 
dividing radial glia cells are differentially inherited depending on their 
age and maturity during neocortical neurogenesis. It is known that 
during each cell division one centrosome retains the old mature 
mother centriole and the other bears the new less mature mother 
centriole'*'>****, Thus, these results suggest that centrosomes with 
differently aged mother centrioles are differentially inherited by the 
two daughter cells of asymmetrically dividing radial glia progenitors. 


In vivo pulse-chase labelling of centrosomes 


To test this, we first developed an assay to distinguish explicitly 
between the centrosome containing the old mother centriole and 
the centrosome containing the new mother centriole in the developing 
neocortex in vivo (Fig. 2a, b). The assay takes advantage of the photo- 
convertible fluorescent protein Kaede*’, which changes from green to 
red fluorescence on exposure to violet light. Centrioles in the devel- 
oping neocortex were labelled by transient expression of CETN1 fused 
with Kaede (Kaede-CETN1). Photoconversion was then performed 
to switch labelled centrioles from green to red fluorescence. This 
green-to-red fluorescence conversion of Kaede proteins is irreversible 
and the red protein is very stable”, thus allowing long-term tracking of 
the existing photoconverted proteins and the structures with which 
they are associated. Moreover, all newly synthesized Kaede proteins 
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are green fluorescent. It is known that centriole duplication requires 
new protein synthesis of centrin*®. As a result, newly duplicated cen- 
trioles that contain newly synthesized Kaede—CETN1 are green fluor- 
escent, whereas previously existing centrioles are red fluorescent. 
Hence, in the first cell cycle after photoconversion, both centrosomes 
contain a red fluorescent mother centriole and a green fluorescent 
daughter centriole. However, in the second and subsequent cell cycles, 
centrosomes with the new mother centriole contain only green fluore- 
scent centrioles, whereas centrosomes retaining the original old 
mother centriole harbour both red and green fluorescent centrioles, 
thus distinguishing between centrosomes with differently aged 
mother centrioles (Fig. 2a). 

To carry out this assay in the developing neocortex in vivo, we 
developed an in utero photoconversion procedure and combined it 
with in utero electroporation (Fig. 2b). Kaede-CETNI, which localized 
specifically to the centrosomes (Supplementary Fig. 4), was intro- 
duced into the developing mouse neocortex at E13.5. One day later, 
that is, E14.5, the forebrain of electroporated embryos was treated with 
ashort exposure of violet light while still in the uterus, which effectively 
converted nearly all Kaede-CETN1 proteins and their labelled centro- 
somes from green to red fluorescence (E13.5—E14.5(PC), Supplemen- 
tary Fig. 5a, b). The uterus was replaced and the embryos continued to 
develop in vivo. The localization and inheritance of centrosomes were 
analysed at different developmental stages thereafter. 

We found that one day after photoconversion (E13.5—E14.5(PC)— 
E15.5), around 95% of centrosomes contained both red and green 
fluorescent centrioles (indicated by yellow colour in the merged 
image) (Supplementary Fig. 5c, d), consistent with the notion that 
the labelled cells have undergone one round of division and have 
duplicated their centrioles during the 24-h period after photoconver- 
sion. This was shown directly by imaging centrosomes at high mag- 
nification (Supplementary Fig. 6), revealing that each centriole was 
mostly only red or green fluorescent. This also demonstrates that 
there is little diffusion of centrin proteins between duplicated cen- 
trioles, or between the centrioles and a cytoplasmic pool which was 
confirmed by fluorescence recovery after photobleaching (FRAP) 
experiments (Supplementary Fig. 7). Moreover, we found that more 
than 30% of centrosomes possessed only green fluorescent centrioles 
2 days after photoconversion (E13.5-E14.5(PC)—E16.5) (Fig. 2c, d). 
The appearance of the solely green fluorescent centrosomes 48 h after 
photoconversion indicates that the initially labelled radial glia pro- 
genitors have undergone two rounds of division during this period; 
this is consistent with the previous observation that the duration of 
the neocortical progenitor cell cycle is about 12 to 20h around this 
developmental stage*’. The ongoing division of labelled radial glia 
cells at a normal rate suggests that expression of Kaede-CETN1 and 
the photoconversion procedure had no effect on their cell cycle. In 
addition, no obvious DNA damage or cell death was induced by the 
photoconversion treatment (Supplementary Fig. 8). Besides the 
green and yellow fluorescent centrosomes, we observed about 4% 
of solely red fluorescent centrosomes (Fig. 2d), indicating that a 
few labelled cells do not undergo cell division during this period. 


Asymmetric segregation and inheritance of centrosomes 


Having successfully distinguished the centrosomes with differently 
aged mother centrioles in the developing neocortex in vivo, we next 
examined their distribution to determine whether they are asymmet- 
rically segregated. Remarkably, we found that more than 76% of 
centrosomes with the new mother centriole (that is, only green fluor- 
escent) were located in the IZ and the CP, whereas around 78% of 
centrosomes with the old mother centriole (that is, both green and 
red fluorescent) were located in the VZ in addition to the SVZ 
(Fig. 2c, e, f). These results demonstrate that the centrosomes with 
differently aged mother centrioles are asymmetrically segregated in 
the developing neocortex during the peak phase of neurogenesis. It is 
worth noting that a small fraction of both green and red (that is, 
yellow) fluorescent centrosomes was found in the IZ and the CP 
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Figure 2 | Asymmetric segregation of centrosomes with differently aged 
mother centrioles. a, b, Strategy and experimental procedure for using 
Kaede—CETN1 to distinguish between centrosomes with differently aged 
mother centrioles. c, Images of E16.5 cortices electroporated with 
Kaede—CETN1 at E13.5 and photoconverted (PC) at E14.5 
(E13.5-E14.5(PC)—E16.5). Scale bars: 50 um and 15 tum. d—f, Quantifications 
of the percentage of labelled centrosomes that are green, red or yellow 


(Fig. 2e, f) and that these centrosomes probably originated from the 
first cell cycle after photoconversion (Supplementary Fig. 5c, d). 
The asymmetric segregation of centrosomes suggests differential regu- 
lation of the duplicated centrosomes in dividing radial glia progenitors. 
To gather further evidence for this, we carried out time-lapse imaging 
experiments to monitor the behaviour of centrosomes with differently 
aged mother centrioles in dividing radial glia progenitors at the VZ 
surface in situ (Fig. 3a). Kaede-CETN1 was introduced into radial glia 
cells together with mPlum, a far-red fluorescent protein, to label cell 
morphology. Around 24h later, cortical slices were prepared. Photo- 
conversion of the existing Kaede-CETN1 proteins was then performed 
in individual slices, which were then cultured for another 24h before 
being subjected to time-lapse imaging. Labelled dividing radial glia cells 
with enlarged and rounded cell bodies possessing a pair of centrosomes at 
the VZ surface (Fig. 3b) were monitored at 10-min intervals over a period 
of 5 to 8h (Fig. 3c, d, Supplementary Video 1 and Supplementary Fig. 9). 
In six out of seven dividing radial glia cells that proceeded through 
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fluorescent (d), the percentage of green or yellow fluorescent centrosomes 
that are located in different regions of the developing neocortex (e), and the 
percentage of labelled centrosomes located in different regions of the 
developing neocortex that are green or yellow fluorescent (f) (total 4,314 
centrosomes from seven individual animals). Data are shown as 

mean + s.e.m.; *****, P<5X10°. 


mitosis at the VZ surface and reached the two-cell stage, the centrosome 
retaining the old mother centriole in both red and green fluorescence 
stayed at the VZ surface, whereas the centrosome containing the new 
mother centriole in solely green fluorescence migrated away from the VZ 
surface (Fig. 3c, d, Supplementary Video 1 and Supplementary Fig. 9). 
These results demonstrate that the centrosomes with differently aged 
mother centrioles in dividing radial glia progenitors exhibit distinct 
behaviour during the peak phase of neurogenesis. 

The distinct behaviour of the centrosomes suggests that they are 
differentially inherited by the two daughter cells embarking on differ- 
ent routes of fate specification and development. On the basis of their 
behaviour, we postulated that the centrosome with the new mother 
centriole is largely inherited by differentiating cells, such as neurons, 
whereas the centrosome with the old mother centriole that remains 
located at the VZ is mostly inherited by radial glia progenitors. Indeed, 
we found that 2 days after photoconversion (E13.5—E14.5(PC)-E16.5) 
the centrosomes with the new mother centriole, marked by green 
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Figure 3 | Distinct behaviour of centrosomes with differently aged mother 
centrioles. a, Experimental procedure for time-lapse imaging analysis of 
centrosome behaviour. b, Image of a cortical slice in culture expressing 
Kaede—CETN1 (green and red) and mPlum (blue) before time-lapse 
imaging. Arrows indicate the centrosomes with the old mother centriole 
(both green and red fluorescent) and arrowheads indicate the centrosomes 
with the new mother centriole (green fluorescent only). The outlined region 


fluorescence alone, were mostly associated with cells expressing TUJ1, 
a differentiating neuronal marker, in the CP and the IZ (Fig. 4a). In 
contrast, the centrosomes that retained the old mother centriole in 
yellow (that is, both green and red) fluorescence at the VZ were largely 
associated with cells expressing Pax6, a radial glia progenitor marker 
(Fig. 4b). These results show that the centrosomes with differently 
aged mother centrioles in dividing radial glia cells are asymmetrically 
inherited by the two daughter cells: whereas the renewing radial glia 
progenitor inherits the centrosome with the old mother centriole, the 
differentiating daughter cell inherits the centrosome with the new 
mother centriole. 


contains a dividing radial glia cell possessing a pair of centrosomes with 
differently aged mother centrioles (circled). ¢, d, Time-lapse (¢) and 
kymograph (d) images of the outlined region in b. The time is indicated at 
the top (c) or the bottom (d) of images (in hours and minutes). Arrows 
indicate centrosomes possessing the old mother centriole and arrowheads 
indicate centrosomes possessing the new mother centriole. Scale bars: 

b, 15 ttm; ¢, d, 10 um. 


Asymmetric centrosome inheritance maintains progenitors 

Our data thus far show that centrosomes with differently aged mother 
centrioles are differentially inherited by the two daughter cells of 
asymmetrically dividing radial glia progenitors in the developing 
neocortex. We next tested whether the selective inheritance of the 
centrosome with the old mature mother centriole by radial glia pro- 
genitors is necessary for their maintenance at the VZ. Should this be 
the case, given that Nin is an essential component of the appendage/ 
satellite structures specific to the mature centriole, we predicted that 
removal of Nin, which prevents centriole maturation'””’, would 
disrupt asymmetric segregation of centrosomes with differently aged 
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Figure 4 | Asymmetric inheritance of centrosomes with differently aged 
mother centrioles. Images of cortices electroporated with Kaede—CEINI, 
photoconverted and immunostained for TUJ1 (a) or for Pax6 (b) (blue). 


mother centrioles and impair the maintenance of radial glia progeni- 
tors in the developing neocortex. 

To test this, we developed short hairpin RNA (shRNA) sequences 
against Nin that effectively suppressed its expression (Nin shRNAs, 
Supplementary Fig. 10a). Consistent with our prediction, expres- 
sion of Nin shRNA, but not control shRNA, disrupted asymmetric 
segregation of centrosomes with differently aged mother centrioles 
labelled with Kaede-CETN1 in the developing neocortex (Sup- 
plementary Fig. 11), suggesting that Nin is necessary for centriole 
maturation, thereby generating asymmetry between duplicated cen- 
trosomes. The presence of solely green fluorescent centrosomes in Nin 
shRNA-expressing cortices indicates that centrosome duplication and 
segregation and cell division are not severely affected by removal of 
Nin, as suggested previously'**’. More importantly, we found that 
removal of Nin caused a premature depletion of cells from the VZ, 
where radial glia progenitors reside (Fig. 5a, b). This effect of Nin 
shRNAs correlated with their efficacy in suppressing Nin protein 
expression (Supplementary Fig. 10a, b) and was rescued by a 
shRNA- insensitive Nin plasmid (Supplementary Fig. 10c), suggesting 
that the effect of the Nin shRNA is due to a specific depletion of the 
endogenous Nin protein. A similar reduction in cells in the VZ was 
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High magnification images of the outlined regions are shown to the right. 
Scale bars: 50 um, 10 um and 10 pm. 


observed when Nin expression was suppressed using small interfering 
RNA (siRNA) (Supplementary Fig. 10d, e). 

To characterize further the extent to which removal of Nin leads to a 
depletion of radial glia progenitors, we next examined the fate specifica- 
tion of cells expressing either control or Nin shRNA (Fig. 5c—f). When 
compared with the control, expression of Nin shRNA led to a marked 
reduction in the percentage of cells positive for Pax6 and glutamate 
transporter (GLAST) (Fig. 5c, d and Supplementary Fig. 12), two radial 
glia progenitor markers, and a significant increase in the percentage of 
cells positive for TUJ1 (Fig. 5e, f), a differentiating neuronal marker. 
These results suggest that removal of Nin leads to a depletion of radial 
glia progenitors and a concomitant increase in differentiating neurons. 
Consistent with this, we observed a significant reduction in phospho- 
histone 3 (P-H3)-labelled mitotic cells at the VZ surface (Supplementary 
Fig. 13) and a marked increase in cell cycle exit (Supplementary Fig. 14). 
No obvious change in the cleavage plane orientation of late stage mitotic 
cells at the VZ surface was observed (Supplementary Fig. 15). 

Previous studies showed that the carboxy-terminus of Nin is respon- 
sible for its localization to the centriole and expression of this region 
displaces endogenous protein at the centriole*’. Interestingly, we found 
that, similar to removal of Nin, expression of the carboxy-terminus of 
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Figure 5 | Preferential inheritance of the centrosome with the mature 
mother centriole maintains radial glia progenitors. a, Images of E16.5 
cortices electroporated with either EGFP/control (left, green) or EGFP/Nin 
shRNA (right, green) at E13.5 and counterstained with DAPI (blue). 

b, Quantification of the percentage of EGFP-expressing cells in different 
regions of the developing neocortex (control shRNA, total 1,873 cells from 
five individual animals; Nin shRNA, total 958 cells from five individual 
animals). c, e, Images of E16.5 cortices electroporated with EGFP/control 
(left, green) or EGFP/Nin shRNA (right, green) at E13.5 and immunostained 
for Pax6 (c) or TUJ1 (e) (red). Arrowheads indicate EGFP-expressing cells 


Nin (Nin-Cter) led to a premature depletion of radial glia progenitor 
cells from the VZ (Supplementary Fig. 16), suggesting that centriolar 
Nin is critical for maintaining radial glia progenitor cells in the VZ. 
Taken together, these results indicate that preferential inheritance of a 
centrosome containing the mature mother centriole is required for the 
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positive for Pax6 (c). Arrows indicate EGFP-expressing cells that are positive 
for TUJ1 and the open arrowhead indicates an EGFP-expressing cell that is 
not positive for TUJ1 (e). d, f, Quantification of the percentage of EGFP- 
expressing cells positive for Pax6 (d; control shRNA, total 1,752 cells from 
five individual animals; Nin shRNA, total 1,230 cells from five animals) or 
for TUJ1 (f; control shRNA, total 1,383 cells from five individual animals; 
Nin shRNA, total 1,247 cells from five individual animals). Data are shown 
as mean = s.e.m.; *, P< 0.05; **, P< 0.005; ***, P< 0.001; ****, 

P< 0.0005; *****, P<5 X10 °. Scale bars: a, 100 jtm, 50 um and 10 jum; 
c, 100 Lm, 5 um and 25 im; e, 100 um, 25 tm and 5 um. 


maintenance of radial glia progenitors in the proliferative VZ of the 
developing neocortex. 

The results presented here suggest that the centrosomes with dif- 
ferently aged centrioles in asymmetrically dividing radial glia progeni- 
tors exhibit different behaviour and are differentially inherited by the 
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two daughter cells during the peak phase of mammalian neocortical 
neurogenesis (Supplementary Fig. 1). Whereas the centrosome with 
the less mature new mother centriole migrates away from the VZ 
surface and is largely inherited by differentiating cells, the centrosome 
with the more mature old mother centriole stays at the VZ surface and 
is predominantly inherited by renewing radial glia progenitors. 
Recently, asymmetric behaviour of centrosomes has been observed 
during asymmetric division of Drosophila male germline stem cells 
and neuroblasts***. Our findings suggest that this type of asymmetric 
centrosome regulation may be a general feature of asymmetric cell 
division across species*’*’. Furthermore, our findings provide new 
insight into centrosome regulation in the developing mammalian 
neocortex, which has been linked to the pathogenesis of human 
microcephaly****. 

Centrosomes with differently aged mother centrioles differ in their 
protein composition and thereby in their biophysical properties, such 
as microtubule anchorage activity”’® and the capability to mediate 
ciliogenesis*'”**°. In this study, we found that Nin, an appendage/ 
satellite-specific protein required for centriole maturation, localized 
differently to the duplicated centrosomes in radial glia progenitors in 
late mitosis. Notably, another appendage/satellite-specific protein 
cenexin was recently found to be asymmetrically localized to centro- 
somes in sister cells after mitosis; moreover, the cell receiving the 
more mature old mother centriole usually grew a primary cilium first”. 
The asymmetric inheritance of centrosomes with distinct biophysical 
properties may thereby differentially regulate the behaviour and 
development of the daughter cells that receive them. For example, given 
that primary cilia have essential roles in a number of signal transduc- 
tion pathways, including Sonic hedgehog (Shh) and platelet-derived 
growth factor (PDGF) signalling, the asynchrony in cilium formation 
could differentially influence the ability of the two daughter cells to 
respond to environmental signals and thereby their behaviour and fate 
specification. Furthermore, the strong microtubule anchorage activity 
associated with the centrosome retaining the older mother centriole 
would facilitate its anchorage to a specific site (for example, the VZ 
surface), thereby tethering the cell that inherits it. Indeed, we found that 
disruption of centriole maturation by removing Nin not only impairs 
asymmetric segregation of centrosomes, but also depletes radial glia 
progenitors from the VZ, a proliferative niche in the developing 
mammalian neocortex. Aside from their participation in microtubule 
organization and ciliogenesis, centrosomes associate with messenger 
RNAs (mRNAs)*° and membrane-bound organelles such as the Golgi 
and recycling endosomes and regulate protein degradation*”, thereby 
raising the possibility that asymmetric centrosome inheritance might 
contribute to proper segregation of cell fate determinants to the two 
daughter cells of asymmetrically dividing progenitor/stem cells. 


METHODS SUMMARY 

In utero electroporation and photoconversion. In utero electroporation of the 
plasmids (for example, EGFP—CETN1) was performed as previously described”. 
For in utero photoconversion, a similar surgical procedure was carried out as for 
in utero electroporation. The forebrain of the embryos that received electroporation 
was exposed to a brief (about three to five minutes) exposure of light at 350-400 nm 
while in the uterus. All procedures for animal handling and usage were approved by 
our institutional research animal resource centre (RARC). 

Brain section, immunohistochemistry and imaging. Brains were fixed at the 
desired developmental stages and coronal sections were prepared using a vibra- 
tome (Leica Microsystems). Immunohistochemistry were performed as previ- 
ously described”. Images were acquired using a confocal laser scanning 
microscope (FV1000, Olympus) and analysed using FluoView (Olympus), 
Volocity (Improvision) and Photoshop (Adobe Systems). Data were presented 
as mean and s.e.m. and statistical differences were determined using nonpara- 
metric tests (Mann—Whitney—Wilcoxon test for two groups of data and Kruskal— 
Wallis test for three or more groups of data). 

Cortical slice culture and time-lapse imaging. Cortical slice cultures were 
prepared and time-lapse imaging was acquired as previously described’. 
Images were analysed using MetaMorph (Molecular Devices) and Photoshop 
(Adobe Systems). 


954 


NATURE|Vol 461|15 October 2009 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plasmids and in utero electroporation and photoconversion. Human centrin 1 
cDNA was obtained by polymerase chain reaction (PCR) and cloned into the 
KpnI and BamHI sites of pEGFP-C1 (Clontech) to generate the EGFP—CETN1 
plasmid. Kaede and DsRedexpress (DsRedex) cDNAs were obtained by PCR and 
cloned into pEGFP—CETNI-C1 to replace EGFP in generating the Kaede— 
CETNI and DsRedex—CETNI1 plasmids. The mouse ninein (GenBank/EMBL/ 
DDBJ accession number AY515727) plasmid was provided by M. Bornens. 
Human ninein cDNA (IMAGE ID 3090109, Open Biosystems) was cloned into 
the EcoRI and Not! sites of pCDNA3.1. Three shRNA sequences against mouse 
Nin were designed as follows: shRNA-a (5’-GCAGAAGGCCAGCTGAGGT-3’), 
shRNA-b (5'-GGCCGAGATCCGGCACTTG-3’), shRNA-c (5’-GCTTCAATT 
CAGACAATGG-3’). All sense and antisense oligonucleotides were purchased 
from Sigma. Annealed oligonucleotides were cloned into the Hpal and Xhol sites 
of the lentiviral vector pLL3.7, which contains a separate CMV promoter that 
drives expression of EGFP*’. In this study, mouse Nin shRNA-c was primarily 
used after extensive characterization to demonstrate that it specifically suppressed 
Nin protein expression and function. For siRNA experiments, synthetic oligonu- 
cleotides against Nin and control were purchased from Santa Cruz Biotechnology 
(sc-61196). Human NIN cDNA, which differs from mouse Nin cDNA in the 
shRNA-c targeting region and is thereby insensitive to Nin shRNA-c expression, 
was used for the rescue experiment. The N terminus (nucleotides 1-1120) and 
C-terminus (nucleotides 5623-6339) of mouse Nin were amplified by PCR and 
cloned into the EcoRI and Not! sites of pCAG-IRES-EGFP. All plasmids were 
confirmed by sequencing. 

In utero electroporation was performed as previously described*”””. In brief, a 
timed pregnant CD-1 mouse at 13.5 days of gestation (E13.5) or a rat at E16.5 
was anaesthetized, the uterine horns were exposed, and ~1 tl of plasmid DNA 
(1-3 pg pl!) mixed with Fast Green (Sigma) was manually microinjected 
through the uterus into the lateral ventricle, using a bevelled and calibrated glass 
micropipette (Drummond Scientific). For electroporation, five 50-ms pulses of 
40-50 mV with a 950-ms interval were delivered across the uterus with two 9-mm 
electrode paddles positioned on either side of the head (BTX, ECM830). For in 
utero photoconversion, a similar surgical procedure was carried out as for in utero 
electroporation. The forebrain of the embryos that received electroporation was 
exposed to a brief (about 3 to 5 min) exposure of light at 350-400 nm while in the 
uterus. Throughout these surgical procedures, the uterus was constantly bathed 
with warm PBS (pH 7.4). After the procedure, the uterus was placed back in the 
abdominal cavity and the wound was surgically sutured. The animal was then 
placed ina 28 °C recovery incubator under close monitoring until it recovered and 
resumed normal activity. All procedures for animal handling and usage were 
approved by our institutional research animal resource centre (RARC). 

Brain sectioning and confocal imaging and analysis. Embryos were removed 
and transcardially perfused with ice-cold PBS (pH7.4) followed by 4% para- 
formaldehyde in PBS (pH 7.4). For cell cycle exit analysis, electroporated embryos 
were exposed to bromodeoxyuridine (BrdU, ~50-100 mg kg” | body weight) for 
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24h before being killed. Brains were dissected out and coronal sections were 
prepared using a vibratome (Leica Microsystems). For immunohistochemistry, 
sections were incubated for 1 h at room temperature in a blocking solution (10% 
normal goat or donkey serum as appropriate, 0.1% Triton X-100, and 0.2% 
gelatin in PBS), followed by incubation with the primary antibodies overnight 
at 4°C. Sections were then washed in 0.1% Triton X-100 in PBS and incubated 
with the appropriate secondary antibody for 1-2 h at room temperature. 

The primary antibodies used were: rabbit polyclonal anti-y-tubulin (Sigma, 
1:500), mouse monoclonal anti-pericentrin 1 (BD Biosciences, 1:1,000), mouse 
monoclonal anti-B-III tubulin (clone TUJ1) (Covance, 1:500), rabbit polyclonal 
anti-Pax6 (Covance, 1:500), rabbit polyclonal anti-Tbr2 (Millipore/Chemicon, 
1:500), rat monoclonal anti-BrdU (Abcam, 1:400), mouse polyclonal anti-Ki67 
(Novus Biological, 1:200), rabbit polyclonal anti-GLAST (Invitrogen, 1:400), 
rabbit polyclonal anti-phospho-histone 3 (Millipore/Upstate, 1:1,000), mouse 
monoclonal anti-phospho-H2AX (Millipore/Upstate, 1:250) and rabbit poly- 
clonal anti-cleaved caspase 3 (Cell Signaling Technology, 1:250). Secondary 
antibodies used were: goat or donkey anti-mouse or anti-rabbit Alexa-546 and 
Alexa-647 conjugated antibodies (Invitrogen/Molecular Probes, 1:500). DNA 
was stained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen/ 
Molecular Probes). Images were acquired with an Olympus FV1000 confocal 
microscope, and analysed with FluoView (Olympus), Volocity (Improvision) 
and Photoshop (Adobe Systems). 

Data are presented as mean+s.e.m. and nonparametric tests (Mann— 
Whitney—Wilcoxon test for two groups of data and Kruskal—Wallis test for three 
or more groups of data) were used for statistical significance estimation. 
Cortical slice culture and time-lapse imaging. Cortical slice cultures were pre- 
pared and time-lapse imaging was acquired as previously described’. About 12 h 
after in utero electroporation, embryos were removed and the brain was extracted 
into ice-cold artificial cerebro-spinal fluid (ACSF) containing (in mM): 
125 NaCl, 5 KCL, 1.25 NaH2POq, 1 MgSOq, 2 CaCl, 25 NaHCO; and 20 glucose; 
pH7.4, 310mOsm1~'. Brains were embedded in 4% low-melting agarose in 
ACSF and sectioned at 400 jim using a vibratome (Leica microsystems). Brain 
slices that contained Kaede-CETN1- and mPlum-expressing cells were trans- 
ferred on to a slice culture insert (Millicell) in a glass-bottom Petri dish (MatTek 
Corporation) with culture medium containing (by volume): 66% BME, 25% 
Hanks, 5% FBS, 1% N-2, 1% penicillin/streptomycin/glutamine (Invitrogen/ 
GIBCO) and 0.66% pb-(+)-glucose (Sigma). Cultures were maintained in a 
humidified incubator at 37 °C with constant 5% CO, supply. Twenty-four hours 
later, Petri dishes with slice cultures were transferred to an inverted microscope 
DMIRB (Leica) with a X 10 objective and the slices were exposed to brief (~ 12s) 
epifluorescent illumination using a DAPI filter. The slices were returned to the 
incubator and cultured for another 24 h. Time-lapse images of dividing radial 
glia cells expressing Kaede-CETN1 and mPlum were acquired using a X40 
objective lens and a CoolSnap HQ camera (Roper Scientific) every 10 min for 
about 5 to 8 h. Images were analysed using MetaMorph (Molecular Devices) and 
Photoshop (Adobe Systems). 
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Measurement of the charge and current of magnetic 


monopoles in spin ice 


S. T. Bramwell!*, S. R. Giblin?*, S. Calder’, R. Aldus’, D. Prabhakaran? & T. Fennell? 


The transport of electrically charged quasiparticles (based on elec- 
trons or ions) plays a pivotal role in modern technology as well as 
in determining the essential functions of biological organisms. In 
contrast, the transport of magnetic charges has barely been 
explored experimentally, mainly because magnetic charges, in 
contrast to electric ones, are generally considered at best to be 
convenient macroscopic parameters’’, rather than well-defined 
quasiparticles. However, it was recently proposed that magnetic 
charges can exist in certain materials in the form of emergent 
excitations that manifest like point charges, or magnetic mono- 
poles’. Here we address the question of whether such magnetic 
charges and their associated currents—‘magnetricity—can be 
measured directly in experiment, without recourse to any material- 
specific theory. By mapping the problem onto Onsager’s theory of 
electrolytes’, we show that this is indeed possible, and devise an 
appropriate method for the measurement of magnetic charges and 
their dynamics. Using muon spin rotation as a suitable local probe, we 
apply the method to a real material, the ‘spin ice’ DyTi,O, (refs 5-8). 
Our experimental measurements prove that magnetic charges exist 
in this material, interact via a Coulomb potential, and have mea- 
surable currents. We further characterize deviations from Ohm’s 
law, and determine the elementary unit of magnetic charge to be 
5 3 A_', which is equal to that recently predicted using the micro- 
scopic theory of spin ice’. Our measurement of magnetic charge and 
magnetic current establishes an instance of a perfect symmetry 
between electricity and magnetism. 

Spin ices are frustrated magnets, a class of magnetic material well 
known for supporting exotic excitations, both in experiment”’® and 
in theory'’’. The spin ice family** is predicted to support sharply 
defined magnetic monopole excitations and offers the possibility of 
exploring the general properties of magnetic charge transport in an 
ideal model system’. There is significant experimental evidence to 
support the existence of spin ice magnetic monopoles*"* (including 
some reported very recently'*'’), but this evidence does not include 
the direct observation of charge or current and relies strongly on 
interpretation via the microscopic theory of spin ice. In the analogous 
electrical case, charge and current may be directly measured, with 
only the basic knowledge that the sample is, say, a semiconductor ora 
metal. It therefore seems realistic to seek a method of measuring 
magnetic charge and current that is similarly direct and robust. 

The second Wien effect describes the nonlinear increase in dissoci- 
ation constant K (or equivalently the conductance) of a weak electro- 
lyte (solid or liquid) in an applied electric field E (refs 4, 18). Ina 
seminal work of 1934, Onsager* derived a general equation for the 
Wien effect that provides an excellent description of experimental 
conductivity measurements on many kinds of electrolytes, including 
both liquid and lattice systems. Also, remarkably for a thermodynamic 


relation, it enables the experimental determination of the elementary 
charge e. 

Onsager’s theory should apply to any three-dimensional 
Coulombic fluid governed by two successive thermal equilibria: 


quasiparticle vacuum = bound pair of charges=free charges (1) 
an example being the autoionization of water or water ice: 
2H,0=[H;0* OH” ]=H3;0+t +OH™ (2) 


Here the quasiparticle vacuum is simply the uncharged solvent (2H20), 
the square brackets indicate a closely associated ion pair and the absence 
of square brackets implies dissociated ions. A physical picture of the 
Wien effect is that an applied field accelerates the free ions and, opposed 
by Brownian motion, in favourable cases does enough work to over- 
come the Coulomb potential barrier that binds the ions together. The 
result is an increase, with field, of the rate of dissociation and hence of 
the corresponding equilibrium constant K. The field acts only on the 
forward reaction of the second (dissociation) equilibrium via the elec- 
trical force F= + eE. Onsager’s theory* is valid under the condition that 
the concentration of unbound defects is sufficiently small for the Debye 
screening length to be much greater than the association distance*"’. 

Assuming the equivalence of electricity and magnetism proposed 
in ref. 3, we apply Onsager’s theory to magnetic charges by replacing 
electrical quantities with the appropriate magnetic ones. Specifically, 
e— Q E= B, & 1) '. Here Q is the magnitude of the emergent 
magnetic charge, Bis the magnetic flux density, and é) and Up are the 
permittivity and permeability of the vacuum, respectively (note that 
the relative permeability can be set to unity in our case: see Methods). 
Onsager’s main result may be approximated by the following form in 
the weak field limit*”®: 


b? 
K(B)=K(0)(140+ 5...) (3) 
which is valid for b< 3, where b is the dimensionless group 
_ Ho QB 


~ 8nk2T? (4) 
and k and T denote Boltzmann’s constant and the temperature, 
respectively. The quantity —kT\/8b may be interpreted as the 
Coulombic barrier to ion pair dissociation, at which the field energy 
— QBr, balances the Coulomb potential — Ho Q’/4ttr (ref. 19; here ris 
the distance, zis the field direction, and the zero of potential energy is 
measured at infinite separation). A pictorial representation of the 
physical content of the theory is shown in Fig. 1. 

We define m, and 1, as the number of bound and unbound pairs, 
respectively, no = my, + ny as the total pair concentration and «= 
n/N as the degree of dissociation. The dissociation constant is given 
by: 
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Figure 1| Magnetic Wien effect, and the detection of magnetic charge by 
implanted muons. a, In zero field, magnetic charges occur as bound pairs, 
but some dissociate to give a fluctuating magnetic moment (green arrow). 
b, The field energy — QBr, competes with the Coulomb potential — HoQ?/4nr 
to lower the activation barrier to dissociation. ¢, The application of a 
transverse field causes dissociation as charges are accelerated by the field. 
d, In the applied field, these charges remain dissociated while more bound 
pairs form to restore equilibrium. Magnetic moment fluctuations due to free 
charges produce local fields that are detected by implanted muons (1). 


z (5) 


If it is assumed that the reaction rates of the left-hand equilibrium in 
equation (1) are much faster than those of the right hand (dissociation) 
equilibrium, then all molecules may be considered as bound pairs’. 
Recalling that « << 1, then to a good approximation mp ~ mn, ~ N, so the 
total number of defects is approximately constant at a given temper- 
ature. Following a disturbance, the relaxation of Ax back to its equi- 
librium value is determined by charge recombination. Onsager showed 
that the decay is exponential with time constant v,, = 2{19k, where x is 
the conductivity, which is proportional to the equilibrium value of x: so 
Vy, x K x & (ref. 4). It follows that the fractional increases in these 
quantities are equal and related by the equation’: 


v,(B) 
V_(0) 


The conductivity is seen to increase with field, so is non-Ohmic. 

We now deduce a pertinent consequence of Onsager’s theory by 
relating v, to the relaxation rate of the magnetic moment v,,. Thus, 
the increase in the equilibrium constant K with increasing magnetic 
field (the Wien effect) defines a corresponding change in magnetic 
moment (du) per unit forward reaction (6a): 


oink OAG®/kT Op/ do 
OB ~\ aR ~ RT a 
T,N TN 


K=n 
vie 


K(B) 
~ (0) 


a(B) 
(0) 


where AG? is the change in Gibbs energy per atom. Using equation 

(3) we find, for the weak field limit, 
ou = kTb 
piles 8 
da =—«iB 2 

which is field independent. This equation may be integrated to find a 


proportionality between finite changes: Au « Aw. If an applied field 
is suddenly changed to a new value, then the slow relaxation of the 
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moment occurs at the same rate as that of the monopole density: 
Vy OC Von 

Combining this result with Onsager’s equation (6), we find that 
measurement of the magnetic moment fluctuation rate as a function 
of field is equivalent to the observation of the magnetic conductivity, 
and gives direct access to the magnetic Wein effect: 

v,(B) _ K(B) a b (9) 
v,(0) (0) 2 
which is an asymptotic expression for b > 0, where b is linear in the 
applied field (equation (4)). This equation should be valid, provided 
that both « and its change in field Aw are sufficiently small. 
Corrections to the linear behaviour may be estimated as of the order 
of 7/24 from equation (6). 

The magnetic conductivity is therefore proportional to the fluc- 
tuation rate v,, of the magnetic moment, and, putting in the numbers, 
the ‘elementary’ magnetic charge Q may be derived from the initial 
slope and intercept of the field dependence of v,,(B) via the equation: 


(10) 


Here m = slope/intercept is the field gradient of the relative magnetic 
conductivity, and the tilde means that Q is measured in units of 
uy A! (SI units are used elsewhere). This equation predicts a specific 
data collapse of v,,(B,T) that is characteristic of the Coulombic inter- 
action of charges and their acceleration by a field. As the charge 
depends only on the ratio v,,(B)/v,,(0), we simply require an experi- 
mental quantity that is proportional to v,,(B) in the weak field limit 
over a finite range of temperature. This use of relative quantities 
obviates the need for absolute measurements, which makes the 
method particularly robust and flexible. We have used this technique 
to test the theory and to determine the elementary magnetic charge in 
the spin ice Dy2Ti,O7 (refs 6, 8). 

We discovered that transverse field muon spin rotation”! (uSR) 
affords the most convenient probe of the relative changes in the 
magnetic fluctuation rate of Dy,Ti,O7. In wSR, muons implanted 
into a sample precess around the sum of the local and applied fields, 
and their decay characteristics give information on the time depend- 
ence of these fields. In an applied transverse field the muon relaxation 
function has an oscillatory form, resulting from the uniform muon 
spin precession about the applied field (Fig. 2). However this uniform 
precession can be dephased by fluctuating local fields that arise from 
the sample magnetization M(7, ¢). In the low temperature limit of 


Q=2.1223 m\/? 12/3 


a 


Asymmetry (%) 
oO 


I 
a 


-10 


Time (uS) 


Figure 2 | Exponential decay of muon spin precession in Dy2Ti,O7. The 
experimental data, with estimated standard deviation (e.s.d.) error bars, are 
at 100 mK in an applied transverse field of 1 mT (filled circles) and 2 mT 
(open circles). Lines represent the fits to the data (see Methods) and the 
exponential decay envelopes, clearly revealing a difference in relaxation at 
long time. 
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slowly fluctuating magnetization, the dephasing may lead to an expo- 
nential decay envelope of the muon relaxation function in which the 
decay rate 4 is proportional to the characteristic rate v,, of the mag- 
netic fluctuations”!. The key property v,(B)/v,(0) = 2(B)/2(0) can 
therefore be directly measured (see equation (9)). In the opposite 
(high temperature) limit of fast fluctuations, 2 also depends on the 
width of the field distribution o and the muon gyromagnetic ratio y. 
Here, one expects A x (ay)7/ Vv, (ref. 21), with o independent of 
temperature, so A is proportional to the relaxation timescale 
T= Vy 

The relaxation rate 1(B) of muons implanted into DyTi,O7 was 
measured as a function of field and temperature after zero field 
cooling the sample to 60 mK (see Methods). Selected experimental 
results through the region of interest are shown in Figs 2, 3. To 
compare with theory, it is useful to define an effective magnetic 
charge by Qepe = 2.1223 gua T2/3 (see equation (10)), demon- 
strating that only relative changes in / are required to obtain Qeg in 
absolute units of Ga . We would expect Qer¢ to approximate the 
true Q only ina finite range of temperature. At too low temperature 
(say b= 2mB> 3), the theory (equation (9)) breaks down because 
Ax becomes large, while at too high temperature, it breaks down 
because « becomes large. These limits on the range of validity can 
be estimated experimentally. 

We first consider the temperature dependence of 2(B = 2 mT), as 
shown in Fig. 4. The high temperature behaviour mirrors the known 
behaviour of the magnetic relaxation time, decreasing with temper- 
ature as eO™"""T (refs 14, 22). At low temperature / increases with 
temperature, consistent with the expected 2 x v,,,, « % From the 
graph, we can determine that the crossover from the presumed 
unscreened regime to the screened regime with rapidly increasing « 
is at Tupper ~ 0.3 K. The inset of Fig. 4 shows the temperature depend- 
ence of A(B = 2 mT, 1 mT): note the surprising non-monotonic tem- 
perature variation of 1(B) at low temperature. By measuring b with 
equation (9), we estimate that the theory starts to break down below 
Tiower = 9.07 K, the onset of the quadratic regime in equation (6). 
Thus 0.3 < T< 0.07 K is the range where the theory (equation (9)) 
should be valid. It should be emphasized that this represents a rela- 
tively large range in the more physically relevant parameter 1/T. 

By fitting the experimental 2(B) to extract slope and intercept, we 
estimate the effective charge Qete ( T), as described above. In the 
regime of validity, the value of Qerr saturates at ~5 pp A7t, even 
though both slopes and intercepts depend quite strongly on temper- 
ature (Fig. 3). The (inverse) temperature dependence of Qer¢ is 
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Figure 3 | A quantity that is proportional to magnetic charge conductivity 
in Dy2Ti,0,, illustrating a non-Ohmic increase in conductivity with field. 
The measured muon relaxation rate /(B) is plotted as a function of field at 
selected temperatures (e.s.d. error bars). The lines are fits to the data, from 
which the intercept, slope and consequently the effective charge Qee¢(T) 
have been obtained. 
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Figure 4 | Temperature dependence of the muon relaxation rate / in 
Dy2Tiz0O7. Main panel, data measured at an applied magnetic field of 2 mT 
(with e.s.d. error bars). The high temperature regime follows the expected 
activated behaviour as described in the text (fit is shown as a solid line). At 
low temperature, / is proportional to the monopole concentration. Its rapid 


increase above Typper = 0.3 K marks a crossover from the regime of weak 


screening to strong screening of the charges. Inset, data on a logarithmic 
scale along with data taken in 1 mT. The non-monotonic temperature 
dependence at low temperature is encompassed by Onsager’s theory. 


illustrated in Fig. 5, where the effective charge is seen to increase 
rapidly above Typper= 0.3K, and to decrease slightly below 
Tiower = 0.07 K. There are two strong indications of a Wien effect 
in these data. First, Qo(T) is approximately temperature indepen- 
dent in the regime of validity (Fig. 5), and second, we find a mono- 
tonic temperature variation of the intercept A(0), which is 
transformed by the constant Q.¢ into the non-monotonic variation 
in A(B) noted above (see equation (10) and Fig. 4 inset). 

We now compare these results with the properties, known and 
predicted, of DyTi,O7. In this material, Ising-like Dy’* magnetic 
moments or ‘spins’ adopt a disordered and highly degenerate low 
temperature state in which each spin configuration corresponds to a 
hydrogen configuration in the low temperature state of (cubic) water 
ice*”*?4_ A thermally generated spin flip out of this state corresponds 
to a bound pair of ice’s ionic defects**”’. It has been predicted that 
this excitation should fractionalize, and that the dissociated defects 
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Figure 5 | Experimentally measured ‘elementary’ magnetic charge Qt in 
Dy2TizO7. Onsager’s theory is valid in the regime Tower < T < Tupper Where 
the magnetic charges are unscreened. Experimental error bars are e.s.d. The 
horizontal green line marks the theoretical prediction of ref. 3. Note that 
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should behave as monopoles in the magnetic H-field’. The unbound 
defects are therefore equivalent to dissociated ionic defects in water 
ice, and the analogy with equation (2) is complete: like water ice”’, 
spin ice should show the Wien effect. 

Specifying j ~ 10 up as the rare earth moment and ay = 4.3356 A as 
the relevant (diamond) lattice constant’, the magnetic monopoles of 
Dy2Ti,O7 are predicted to behave like Coulombic charges of magnitude 
Qtheoretical = H/ (da/2) = 4.6 Leg AT! (ref. 3). Figure 5 illustrates how the 
experimentally measured charge very closely approaches this value in 
the temperature range Tiower << T< Tupper. The actual value of Tupper 
may be rationalized on the basis of our expectations for spin ice. Thus 
the monopole concentration per lattice site should increase as ce 7/7 
(ref. 7), with c<1 meaning that in the above temperature range it 
should vary between, at most, 107 '* and 10~*. This is indeed a typical 
degree of dissociation for a weak electrolyte that obeys Onsager’s theory 
(that is, screening is negligible), as has been shown in detail’’. 

The success of the method is impressive. For example, regarding 
Fig. 3, these data may be collapsed (that is, represented as a function 
of the dimensionless b) over a significant range of temperature and 
field using a single parameter that is in excellent agreement with that 
calculated by a microscopic theory. However, even more remarkably, 
the method produces precisely the same data collapse over a range of 
experimental data on a broad variety of liquid and solid electrolytes’. 
Thus using Onsager’s theory, we have demonstrated a perfect equi- 
valence of electricity and magnetism. It is further a testament to 
Onsager that his theory is not only correct and universal, but also 
robust, in that it may be applied to straightforward experimental 
measurements of only modest precision*. This quality stems from 
the use of relative quantities, meaning in our case, that the uSR 
measurements are not subject to interpretation: many different ana- 
lysis protocols would yield essentially the same result. 

We have thus proved that magnetic charges exist in a spin ice 
material, that they interact by Coulomb’s law and that they are accel- 
erated by an applied field. Our experimental results are consistent with 
those discussed in refs 3, 14—17, but more directly probe the quantities 
of interest in the regime of temperature and field where a dilute gas of 
magnetic monopoles can be interrogated. We have also measured 
relative changes in the magnetic conductivity (Fig. 3), and proved that 
monopole currents exist. This demonstration raises an interesting 
question. As discussed elsewhere", the motion of spin ice monopoles 
is in principle constrained by the Dirac string network and this almost 
certainly precludes a direct current. However, our result implies that 
the network is irrelevant to monopole diffusion in the very dilute 
regime, which in turn suggests that macroscopic alternating currents 
may also be achievable in spin ice. 

Our results have considerable ramifications for our detailed under- 
standing of Dy,Ti,O7. In particular, an old paradox—that the spin ice 
state appears completely static to some probes and completely 
dynamic to others—is finally resolved. Below T = 0.7 K, the zero field 
cooled state does not relax to the field cooled state when a field is 
applied® (see Methods), but nevertheless appears to be dynamic to 
uSR” and to the nuclear spin specific heat”*. We ascribe this to mag- 
netic monopoles being sufficiently numerous to equilibrate the zero 
field cooled state but too few to access, on realistic timescales, the field 
cooled states that are remote in configuration space. 

In the broader context, our results have theoretical, practical and 
conceptual significance. At a theoretical level, they confirm the first 
instance of three-dimensional fractionalization’, provide a comparison 
with cosmic magnetic monopoles”’, and recommend a close examina- 
tion of the applicability of Onsager’s theory to general Coulombic 
fluids. In practical terms, they pave the way for research dedicated to 
the control of magnetic charge currents—for example, in micromag- 
netic arrays that mimic spin ice*®. Conceptually, they call for a 
reappraisal of the role of magnetic charge in physical systems’. 
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METHODS SUMMARY 


Our experiment was performed on the MuSR spectrometer at the ISIS facility. 
Single crystals of cubic Dy,Ti,O7 were aligned with [110] parallel to the muon spin 
direction and [100] parallel to the applied transverse field. The sample was zero field 
cooled and measured on warming. Time spectra were fitted to an exponentially 
damped cosine function in addition to an expected constant quick relaxation”’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


High quality single crystals of Dy,Ti,O7 were grown using the floating zone 
method, and aligned using an X-ray Laue camera. In the experiment, the crystals 
were aligned with the initial spin polarization of the muons along the [110] axis, 
with the magnetic field applied at right angles to this axis, along [100]. In uSR 
experiments, one measures the asymmetry of the muon beta decay as a function 
of time A(t), which is proportional to the time evolution of the muon spin 
polarization. A(t) depends on the distribution of internal magnetic fields and 
their temporal fluctuations. 

Our experiment was performed on the MuSR spectrometer at the ISIS facility in 
the UK. All data were taken upon warming after zero field cooling (<10 tT) from 
4K to 60mK, the temperature dependence being repeated twice as a control. 
Transverse field spectra were fitted out to long times using A(t) = A exp(-[A¢]) 
cos(2nvt). The frequency of oscillations (v) can be expressed by v = y,|B\/2n, 
where B is the average magnitude of the local field at the muon site and y,, is the 
muon gyromagnetic ratio. A constant, quick relaxation (7) = 3 uS”') was required 
for all the data, as expected for spin ice materials”, along with a non-relaxing 


nature 


background term. The fitting procedure allowed the relaxation rate /(B) to vary. 
The field was allowed to vary but the change from the nominal value was negligible. 
Figure 2 shows the time evolution of data taken at 100 mK in fields of both 1 and 
2 mT, along with the fits to the data: the envelope of the relaxation is also shown. 
Background measurements were performed on a silver plate to test for the field 
inhomogeneity in the coils: here the observed relaxation was at least an order of 
magnitude slower than in the Dy,Ti,O7 sample. 

When zero field cooled below 0.7 K, the susceptibility of Dy2Ti.O7 is suffi- 
ciently small to approximate 1, = 1 and to ignore demagnetizing effects. We have 
independently verified, using ultralow field magnetization measurements, that 
in our sample a spin ice freezing occurs at T= 0.7 K, below which temperature 
the zero field cooled magnetization falls to small values. 

Data were transformed to Qerr as described in the text. The vertical error bars 
in Fig. 5 were propagated from the estimated errors in the variables T and m in 
equation (10); the errors in m were determined from the least squares fits to the 
muon spectra. The error bars on some points in Fig. 5 are too small to represent 
on the plot. For example, at 100 mK, Qurp =5.1+0.4 pA — (e.s.d. error). 
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Cooper pair splitter realized in a two-quantum-dot 


Y-junction 


L. Hofstetter'*, S. Csonka’**, J. Nygard’ & C. Schénenberger’ 


Non-locality is a fundamental property of quantum mechanics 
that manifests itself as correlations between spatially separated 
parts of a quantum system. A fundamental route for the explora- 
tion of such phenomena is the generation of Einstein—Podolsky— 
Rosen (EPR) pairs’ of quantum-entangled objects for the test of 
so-called Bell inequalities’. Whereas such experimental tests of 
non-locality have been successfully conducted with pairwise 
entangled photons, it has not yet been possible to realize an elec- 
tronic analogue of it in the solid state, where spin-1/2 mobile 
electrons are the natural quantum objects’. The difficulty stems 
from the fact that electrons are immersed in a macroscopic ground 
state—the Fermi sea—which prevents the straightforward genera- 
tion and splitting of entangled pairs of electrons on demand. A 
superconductor, however, could act as a source of EPR pairs of 
electrons, because its ground-state is composed of Cooper pairs in 
a spin-singlet state*. These Cooper pairs can be extracted from a 
superconductor by tunnelling, but, to obtain an efficient EPR 
source of entangled electrons, the splitting of the Cooper pairs 
into separate electrons has to be enforced. This can be achieved 
by having the electrons ‘repel’ each other by Coulomb inter- 
action’. Controlled Cooper pair splitting can thereby be realized 
by coupling of the superconductor to two normal metal drain 
contacts by means of individually tunable quantum dots. Here 
we demonstrate the first experimental realization of such a 
tunable Cooper pair splitter, which shows a surprisingly high effi- 
ciency. Our findings open a route towards a first test of the EPR 
paradox and Bell inequalities in the solid state. 

An “‘entangler’ that generates correlated EPR pairs of electrons in 
the solid state has to be based on two-particle interactions, such as 
exchange interaction and Cooper pairing in superconductors. The 
former is mediated by electron—photon (Coulomb) interaction and 
the latter by electron-phonon interaction. Proposal for electron 
entanglers that make use of Coulomb interaction in quantum dots®” 
and superconducting devices*""” have been put forward. Even more 
advanced, and in practice also more versatile and efficient, are device 
proposals that exploit both phenomena™'*"*. 

An electron entangler is a device that converts a charge current on 
the input to a stream of spin-entangled electron pairs. Each pair is 
split into its individual electrons, which emerge at two different arms 
of an electronic fork or Y-junction device (Fig. la)'°. However, if 
Cooper pairs are injected into the fork, the pairs do not necessarily 
split as required: they may also be transmitted together into either 
arm. The ratio between pair splitting and direct pair transmission 
depends on details of the scattering matrix'*~°. Such a device does 
not provide control over the two processes, which is a problem also 
encountered in experiments on metallic nanostructures, in which the 
first observations for Cooper pair splitting were made*'’*. The 
desired Cooper pair splitting can be enforced if the fork is made up 


of two quantum dots (QDs) as shown in Fig. 1b (refs 5, 14). Crucial 
for the separation is the individual tunability of the eigenstates 
(levels) in each QD. This allows the resonance condition for 
Cooper pair splitting to be achieved’. If the charging energy on the 
QDs is large, double occupancy on each dot is prohibited. The two 
electrons of the Cooper pair are then forced either to split into sepa- 
rate arms or to tunnel sequentially through the same dot (Fig. Ic). 
However, the latter process can be suppressed if relatively opaque 
tunnelling barriers are chosen®"™*. 

We have realized such a tunable Cooper pair splitter (Fig. 2a and 
Supplementary Information) by defining two QDs (dashed circles) 
with individual top-gates (yellow stripes) on an InAs semiconducting 
nanowire~~°. A common central superconducting source contact 
made from aluminium (blue stripe) and two metallic drain contacts 


a tro | b 


o® 


Barrier(s) —> 


| Pair tunnelling 
through QD2 


Pair tunnelling 
through QD1 


Pair splitting 


Figure 1| Cooper pair splitter. a, The basic idea. A Cooper pair arrives from 
a superconductor (blue), and the two electrons split up and leave the 
Y-junction in different arms. Because a Cooper pair is a naturally entangled 
object, the splitting could provide spatially separated spin-entangled 
electrons. b, An efficient Cooper pair splitter can be realized if two tunable 
quantum dots (QD1 and QD2) are inserted, one into each arm. ¢, Basic 
transport processes in a Cooper pair splitter: the electrons of a Cooper pair 
either leave the superconductor into the same arm (pair tunnelling) or split 
up into different arms (pair splitting). 
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QD1 QD2 


Figure 2 | Device and measurement principle. a, Schematic diagram of the 
lithographically defined structure of the Cooper pair splitter device. An InAs 
nanowire is contacted by a central superconducting lead (blue) and two 
metallic leads (green). Two quantum dots (QD1 and QD2) form between 
these contacts (dotted circles). They are independently tunable by two top- 
gates, gl and g2. The widths of the superconducting lead, metallic contacts 
and top-gates and the distance between the middle contact and side ones are 
~150, ~300, ~100 and ~350 nm, respectively. The conductances G, and G, 
of the QDs are determined by applying a small a.c. voltage V,. of 5-10 LV to 
the superconducting lead and measuring the currents I, and I, through the 
two arms. b, Colour plot of the nonlinear differential conductance dlj/dVsp 
as a function of a d.c. source drain voltage Vsp and gate voltage V,, of QD1, 
showing the features expected for a QD in the Coulomb blockade regime. The 


(green stripes) are attached to the QDs by means of tunnelling 
barriers. The presence of the superconducting source is clearly visible 
at a gap energy 4 ~ 150 peV in the differential conductance dJ/dVsp 
of the individual QDs measured as a function of the source-drain 
voltage Vsp (Fig. 2b). As a function of the top-gate voltage V,, the 
conductance of each QD displays Coulomb blockade with a charging 
energy Ec~2-4meV, which is significantly larger than 4. Two 
beam-splitter devices have been investigated. In the first the QDs 
are relatively strongly coupled to the contacts, yielding QD levels 
with a broadening of J°~ 0.5 meV (data presented in Figs 2—4a). In 
the second device the coupling is weaker, with J’~ 100 eV (data in 
Fig. 4b). 

The independent tunability of the two QDs permits correlations in 
the linear conductances G, and G, between the two QDs to be 
explored. Specifically, we study how G, of QD1 responds when the 
level position of the other quantum dot, QD2, is varied by the gate 
voltage V,>. In an ideal device these non-local correlations G,(V,2) 
are caused by Cooper pair splitting. 

An ideal device is one in which the source contact is voltage-biased. 
In the normal state, the source acts as a reservoir that injects electrons 
to both sides independently. Consequently, there are no correlations. 
In the superconducting state, in contrast, correlations can appear as a 
result of the large coherence length € of Cooper pairs, which can exceed 
the width of the superconducting source contact. With reference to 
Fig. 2c, let us assume that the eigenstate in QD1 is near resonance and 
that the eigenstate in QD2 is off resonance. Ifthe state in QD2 is moved 
with the gate voltage V,. upwards closer to resonance, not only will 
pair tunnelling through QD2 increase, but so also will the probability 
of Cooper pair splitting. The latter induces an increase in G,. We define 
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dashed lines are guides to the eye for the gap energy 4 ~ 150 LleV of the 
superconductor. The suppressed electron density-of-state due to the 
superconductor is clearly visible in the cross-section (white curve) taken in 
the middle of the Coulomb blockade region. ¢, In the non-local measurement 
V,1 is first set, positioning the eigenstate in QD1 at a fixed value. Then the 
change AG, of the linear conductance through QD1 is measured while the 
position of the eigenstate is varied in the other quantum dot, QD2, through 
V,o- d, Resistor model. R; and R; are the resistances of QD1 and QD2, and Rw 
is the total resistance of the measurement line between the voltage source and 
the superconducting lead. Because of the finite value of Rw, I, changes if Rp is 
varied, resulting in a negative contribution to the non-local signal. This 
contribution is small because Rw < Rj. This classical resistive cross-talk is 
plotted with grey lines in Figs 3 and 4. 


the sign of this non-local correlation as positive if G, shows a conduc- 
tance increase 5G, in response to a conductance increase 5G, in QD2; 
that is, if 6G,/5G, > 0. 

Classically, the two arms of the beam splitter can be described by 
two resistors R, and R> (Fig. 2d). In the ideal device there is no non- 
local response. In reality, the two arms are not perfectly voltage- 
biased, because of a wiring resistance Rw of 200Q. This leads to a 
residual negative non-local signal. 

Non-local measurements are presented in Fig. 3. QD1 is adjusted 
with V,; to a position off resonance (yellow dot in Fig. 2b). QD2 is then 
tuned with V,, through six subsequent charge states, showing Coulomb 
blockade peaks when a dot level is in resonance (green curves). 
Simultaneously, the non-local conductance G,(V,2) through QD1 is 
measured. To see the change in G, better, we subtract a mean value (G;) 
(see Supplementary Information) and display AG, = G,; — (G) (red 
dots). 

When the superconducting contact is driven into the normal state 
with a magnetic field larger than the critical field (Fig. 3a), a small 
non-local signal is present. This signal is negative and in full agree- 
ment with the resistive cross-talk of the circuit (grey curve). In con- 
trast, in the superconducting state (Fig. 3b) the non-local signal is 
larger by an order of magnitude and it is positive, as expected for 
Cooper pair splitting. It leads to a AG, swing of 9 X 10~°Go (where 
Go is the quantum conductance, 2e’/h), which corresponds to 6.5% 
relative to the mean G, value. 

The separate tunability of the two QDs allows us to study Cooper 
pair splitting for different settings of QD1 (Fig. 4a). As in the experi- 
ments before, we first position the level of QD1. We use level posi- 
tions that are strongly off resonance, intermediate and on resonance. 
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Figure 3 | Non-local signal of Cooper pair splitting. Simultaneous 
measurements of the linear local conductance G, of QD2 (green curves) and 
the linear non-local conductance change AG, of QD1 (red dots) as a function 
of the gate voltage V, of QD2 (all conductances are in units of Go). In the 
non-local conductance change AG,(V,»), the average conductance of QD1 
was subtracted and the signal had to be corrected for capacitive cross-talk 
(see Supplementary Information). The measurements were performed at a 
base temperature T of 20 mK. a, In the normal state with a magnetic field B of 
120 mT applied, a small negative non-local signal is seen as QD2 is driven 
through six Coulomb peaks. This signal is in complete agreement with the 
expected resistive cross-talk of the measurement configuration (grey line). 
b, In the superconducting state with B = 0 mT, an order of magnitude higher 
non-local signal AG, (Vz) is observed. This correlation between the 
conductances through the two quantum dots is induced by the 
superconductor and is due to Cooper pair splitting. 


These positions are highlighted by differently coloured dots in the 
bottom right panel. To obtain the non-local signal, QD2 is swept 
through two Coulomb resonances (top right panel), while measuring 
the change AG). The non-local signal AG,(V,2) depends strongly on 
the level position of QD1. Away from the resonance condition at the 
side of a Coulomb resonance, the non-local signal obtained is posi- 
tive (brown and green curves), in agreement with the measurement 
in Fig. 3. However, if the level of QD1 is tuned towards a resonance 
condition, the size of the non-local signal first decreases and then 
changes sign, becoming maximally negative when QD1 is set exactly 
to the Coulomb resonance peak (orange curve). The same result is 
obtained for different charge states of QD1 and QD2 in two different 
samples. 

Figure 4b shows the non-local signal as a function of temperature. 
Here, QD2 is swept through one Coulomb resonance (bottom inset, 
green curve) and the non-local conductance AG; (V,2) is determined 
(red squares). The maximal change in AG; (Vg) is normalized to the 
mean of Gj, which gives ~9% at 20 mK (grey bar). The temperature 
dependence of the normalized non-local signal is plotted for QD1 
tuned to the left, top and right sides of a Coulomb peak (see Fig. 4b, 
top inset). The non-local signal can be as large as 12% relative to the 
mean G, value, or 2% relative to the total current at the lowest 
temperature. With increasing temperature the signal decreases, and 
it disappears at ~200 mK independently of the tuning of QD1. This 
temperature scale is smaller than the critical temperature of the 
superconductor T. ~ 850 mK. We have deduced that the supercon- 
ducting gap 4(T) remains roughly constant within this temperature 
window (Fig. 4b, black squares). The markedly different temperature 
dependences show that the non-local signal is not controlled by the 
bulk 4 alone. 

To describe the main observations qualitatively, we assume a non- 
interacting picture and describe the transmission probabilities 
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Figure 4 | Level position and temperature dependence. a, The non-local 
signal AG(V,2) depends strongly on the level position of QD1. Different 
non-local signals (left panels) and the corresponding positions of QD1 
(bottom right panel) are shown with the same colour. A transition from a 
positive to a negative signal is found when QD1 is moved closer to resonance. 
The grey curves always indicate the expected classical resistive cross-talk. 
The top right panel shows the two Coulomb peaks through which QD2 was 
swept while measuring the conductance of QD1. b, Temperature 
dependence of the non-local signal for three different settings of QD1 
(indicated in the top inset). Independently of the setting of QD1, the non- 
local signal vanishes at about 200 mK, which is well below the 
superconducting transition temperature T, ~ 850 mK. The evolution of the 
superconducting gap 4 is shown (black squares) in addition in the main 
panel (right axis). It is determined from the nonlinear differential 
conductance similar to Fig. 2b. The bottom inset shows determination of the 
non-local signal. As QD2 is driven through a Coulomb peak (green curve), 
the height of the peak in AG, (red squares) is measured (see grey arrow) and 
normalized by the average value of G,. The error bars estimate the read-off 
error due to fluctuations around the baseline (black arrow). 


through QD1 and QD2 by T; and T, (for further details see Sup- 
plementary Information). If both T, and T, are small, direct Cooper 
pair tunnelling through QD1 is given by T). In contrast, the 
probability of Cooper pair splitting is expected to be proportional 
to p(6r)T,T>, where p(6r) is the probability of finding the two elec- 
trons of the Cooper pair at the opposite edges of the superconducting 
contact’. Thus, the total conductance G, through QD1 is then 
proportional to «T; + p(5r)T; T>. This equation predicts a positive 
non-local signal that is caused solely by Cooper pair splitting. Its 
amplitude is determined by the factor p(dr). In the experiment the 
non-local signal is always positive if QD1 is set to low transmission 
probabilities, in agreement with this simple model. However, the 
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maximum measured amplitude is much larger than expected. 
According to a previous study’, the probability p(5r) depends on 
the separation 6r, on the coherence length € and on the Fermi wave- 
vector kp. In our device the mean free path / is smaller than €, and 
therefore p(6r) is modified from the clean superconductor value to 
the one that is valid in diffusive superconductors”, which is propor- 
tional to |sin(kp51)*/(lke) (kp5r) |exp(—26r/1€). The term p(6r) is 
very small, because the factor (Ikz) ‘(kp5r)~' is estimated to be 
~5 X10 °, taking the Fermi wavelength A as 3.6 A, the mean free 
path Jas 5nm, and dras 150 nm, corresponding to the width of the 
superconducting contact. To reconcile the very small predicted 
Cooper pair splitting with our experimental observation, we propose 
that tunnelling into the two QDs does not occur at the periphery of 
the superconducting contact. Instead, the Cooper pairs tunnel into 
the segment of the semiconducting nanowire underneath the super- 
conducting contact. Because of the low carrier density and corre- 
spondingly low k,, the term p(6r) can become much larger and 
might also be enhanced by the confined geometry'*”®. The contri- 
bution of split Cooper pairs found in our samples is very remarkable 
considering the macroscopic width of the superconducting contact. 

According to a previous study’, the quantum dots of the Cooper 
pair splitter should be operated out of resonance. On resonance the 
number of electrons on the dot is not well defined, and this can spoil 
the generation of EPR pairs by Cooper pair splitting. In view of this, 
the reversed sign of the non-local signal when the QDs are set close to 
resonance is not a surprise. The sign change emerges from a com- 
petition of pair tunnelling and pair splitting in a regime that is 
beyond existing theories. The measurements close to resonance are 
in strong contrast with those off resonance, where the measured non- 
local signal has the expected positive sign, in agreement with Cooper 
pair splitting. 

As has been detailed in previous theoretical proposals*”*, two main 
conditions are required for a Cooper pair splitter to be efficient, namely 
U>TI and 4>T. In our devices the first condition is fulfilled. 
However, I” is on the order of 4, which enhances direct Cooper pair 
tunnelling. This shows that there is potential for improving the effi- 
ciency of such a device by using more opaque tunnelling barriers. 
Although the measured splitting efficiency of 2% in our devices may 
seem small, it is already many orders of magnitude higher than has 
been achieved in the most efficient production of entangled photon 
pairs by paramagnetic downconversion (PDC), where an efficiency of 
~10 '* was reached’’. In addition, the present Cooper pair splitter 
device outperforms PDC in the total current of pairs almost 100-fold, 
even for the relatively low 4 value of aluminium. This demonstrates 
that a source of EPR pairs based on a Cooper pair splitter is a promising 
alternative for quantum computational schemes. 

We have demonstrated a tunable Cooper pair splitter device that 
opens the way to studies of the entanglement of spatially separated 
mobile electrons. Because of its remarkable splitting efficiency, sucha 
device could provide a first test of the EPR paradox in the solid state if 
it were implemented with ferromagnetic drain contacts and noise 
measurements were performed on it®!?***”. 

During the preparation of the manuscript we became aware of 
similar work on a carbon-nanotube-based Cooper pair splitter device*’. 
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nanoparticle superlattices 


Dmitri V. Talapin’?*, Elena V. Shevchenko**, Maryna |. Bodnarchuk', Xingchen Ye°, Jun Chen* 
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The discovery of quasicrystals in 1984 changed our view of ordered 
solids as periodic structures’? and introduced new long-range- 
ordered phases lacking any translational symmetry*>. Quasi- 
crystals permit symmetry operations forbidden in classical 
crystallography, for example five-, eight-, ten- and 12-fold rota- 
tions, yet have sharp diffraction peaks. Intermetallic compounds 
have been observed to form both metastable and energetically 
stabilized quasicrystals’*°; quasicrystalline order has also been 
reported for the tantalum telluride phase with an approximate 
Ta,,6Te composition®. Later, quasicrystals were discovered in soft 
matter, namely supramolecular structures of organic dendrimers’ 
and tri-block copolymers’, and micrometre-sized colloidal spheres 
have been arranged into quasicrystalline arrays by using intense 
laser beams that create quasi-periodic optical standing-wave 
patterns’. Here we show that colloidal inorganic nanoparticles 
can self-assemble into binary aperiodic superlattices. We observe 
formation of assemblies with dodecagonal quasicrystalline order in 
different binary nanoparticle systems: 13.4-nm Fe,O,; and 5-nm Au 
nanocrystals, 12.6-nm Fe3;0, and 4.7-nm Au nanocrystals, and 
9-nm PbS and 3-nm Pd nanocrystals. Such compositional flexibi- 
lity indicates that the formation of quasicrystalline nanoparticle 
assemblies does not require a unique combination of inter- 
particle interactions, but is a general sphere-packing phenomenon 
governed by the entropy and simple interparticle potentials. We 
also find that dodecagonal quasicrystalline superlattices can form 
low-defect interfaces with ordinary crystalline binary superlattices, 
using fragments of (3°.4”) Archimedean tiling as the ‘wetting layer’ 
between the periodic and aperiodic phases. 

Nanoparticles of different metals, semiconductors and magnetic 
materials can self-assemble from colloidal solutions into long- 
range-ordered periodic structures (superlattices)'®. Combining 
two types of nanoparticle yields binary nanoparticle superlattices 
(BNSLs) exhibiting very rich phase diagrams with multiple close- 
packed and non-close-packed phases'’. The observed structural 
diversity is believed to be a result of the interplay of entropy-driven 
crystallization’* with isotropic and anisotropic interparticle interac- 
tions, such as van der Waals, Coulombic and dipolar forces'*’. In this 
Letter, we report self-assembly of long-range-ordered nanoparticle 
superstructures whose complexity goes beyond the crystalline packing. 

Figure laand Fig. 1b show transmission electron microscopy (TEM) 
images of BNSLs isostructural with AIB, and CaB, phases, respectively. 
Both structures self-assembled from 13.4-nm Fe,03 and 5.0-nm Au 
nanocrystals during slow evaporation ofa colloidal solution containing 
monodisperse FeO; and Au nanocrystals in tetrachloroethylene. The 
Fe,O0; and Au nanocrystals were capped with oleic acid and dodeca- 
nethiol molecules, respectively (Methods Summary). These surfactant 


molecules, which have long hydrocarbon chains, introduced short- 
range steric repulsion counterbalancing the van der Waals forces and 
preventing uncontrollable aggregation of nanocrystals in the colloidal 
solution. AIB,- and CaB.-type BNSLs could form under the same 
experimental conditions, with the structure-directing factor being 
the relative concentration of Fe,O3 and Au nanocrystals in the colloidal 
solution. A large (~10-fold) excess of Au nanoparticles favoured the 
CaBg structure, whereas an AIB,-type BNSL formed when the Fe,03- 
to-Au nanoparticle ratio was close to 1:2. When we explored mixtures 
with intermediate Fe.O3-to-Au nanoparticle concentration ratios, 
highly complex binary structures were observed. Figure 1c shows an 
assembly in which Fe,O3 nanocrystals are separated by individual Au 
nanocrystals and (Au). octahedral clusters. Appearing irregular at first 
glance, this structure shows sharp small-angle electron diffraction 
spots outlining four-fold rotational symmetry (Fig. 1d and Sup- 
plementary Fig. 1). 

A closer look reveals the packing principle: each Fe.O3 nanocrystal 
is surrounded by five equidistant Fe,O3; nanocrystals. Moreover, 
identical arrangements of Au nanocrystals surround each Fe,O3 
nanocrystal: the clockwise sequence is always (Au),, Au, (Au), Au, 
Au (Fig. 1c). To visualize this structure, we connected the centres of 
neighbouring Fe,O3 nanocrystals with straight lines, forming the 
two-dimensional pattern of squares and triangles depicted in Fig. 1c 
and Supplementary Fig.1. Such an arrangement of equilateral 
squares and triangles is known in topology as the (37.4.3.4) 
Archimedean tiling (Fig. le). Archimedean tilings, first introduced 
by Kepler in 1619’%, are defined as regular patterns of polygonal 
tessellation of a plane by regular polygons where only one type of 
vertex is permitted in each tiling. They are typically described by 
listing in order the polygons that meet at each vertex using the set 
of integers, written (1).%.n3...), corresponding to the numbers of 
sides of the polygons’’. Only 11 types of Archimedean tiling can fill 
the whole plane without gaps; four of them are composed of equi- 
lateral squares and triangles (Fig. le). 

By the above definition, two-dimensional [001] projections of 
AIB,- and CaBg-type structures can be described as (3°), that is, 
(3.3.3.3.3.3), and (4*) Archimedean tiling patterns, respectively. 
We also observed relatively small fragments of (3°.4”) Archimedean 
tiling coexisting with other structures (Fig. 1f). In (37.4.3.4) and 
(3°.4’) patterns, the number ratio of triangles and squares, N3/N4, 
equals two, corresponding to the AB, stoichiometry of the super- 
lattice. In crystallography, Archimedean tilings have been used to 
describe a family of complex alloys with tetrahedral close-packed 
structures, known as the Frank—Kasper phases'*. For example, 
(37.4.3.4) tiling was observed in Fe—Cr systems and is known as the 
o phase in the Frank—Kasper alloy family”. 


Department of Chemistry, The University of Chicago, Chicago, Illinois 60637, USA. *Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, USA. 
3Department of Chemistry, “Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA. 
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In exploring the binary phase diagram of 13.4-nm FeO; and 5-nm 
Au nanoparticles in proximity to the (3.4.3.4) phase, we observed 
reproducible formation of a type of binary superstructure that did not 
possess any translational symmetry (Fig. 2). The structure also exhibited 
sharp electron diffraction patterns corresponding to dodecagonal (that 
is, 12-fold) rotational symmetry (Fig. 2a, inset), which is forbidden in 
periodic structures. Different superstructure domains showed strikingly 
similar electron diffraction patterns (Supplementary Fig. 2), ruling out 
the possibility of diffraction artefacts caused by twin planes or other 
crystal defects. Straight lines connecting centres of Fe,O3 nanocrystals 
generated patterns of squares and triangles without self-repeating 
domains (Supplementary Fig. 3). Observed electron diffraction patterns, 
along with previous theoretical analyses of square-triangle lattices””~’, 
allowed us to identify these self-assembled nanoparticle superstructures 
as aperiodic but long-range-ordered structures known as quasicrystals. 
Despite the absence of translational symmetry, rotational symmetry 
originates from the directionality of ‘bonds’ between adjacent Fe,03 
nanocrystals at angles that are multiples of 360°/12 = 30°. 
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Figure 1| Periodic binary superlattices self- 
assembled from 13.4-nm Fe203 and 5-nm Au 
nanocrystals. a, AlB>-type superlattice; b, CaBg- 
type superlattice; c, superlattice with AB, 
stoichiometry and the structural motif of the 
(3.4.3.4) Archimedean tiling. d, Electron 
diffraction pattern measured from a ~6-|um? 
domain of the AB, superlattice shown in 

c. e, Archimedean tilings used to describe the 
structure of the nanoparticle superlattices. f, A 
fragment of a superlattice corresponding to the 
(3°.4”) Archimedean tiling. 


Formation of the dodecagonal quasicrystal (DDQC) in a square— 
triangle lattice requires that the total tiling area occupied by squares 
be equal to that occupied by triangles, that is, N3/N, = 4/V3 ~ 2.31 
(ref.20). Following the experimentally observed packing rule 
whereby each triangle has an Au nanoparticle in its centre and each 
square contains one (Au), cluster (Fig. 2a,b), the overall stoichi- 
ometry of the DDQC nanoparticle superlattice is derived to be 
Ay. 3By46y3> OF approximately AB3 6. We calculated the N3/N4 
ratio and stoichiometry from several independently formed domains 
and found that N3/N, = 2.30 + 0.2, corresponding to stoichiometry 
AB3 84 + 0,09 in agreement with the expected values. In three dimen- 
sions, the DDQC can be described as a periodic stack of quasi- 
periodic layers, that is, the planar realization of a quasi-periodic 
order’. Because of the layered structure, the three-dimensional 
DDQC can be imaged in real space along the 12-fold symmetry axis” 
(Fig. 2). In thick domains, the nanocrystals and (Au), clusters fol- 
lowed the one-on-one packing indicated in Fig. 2a, b and Supplemen- 
tary Fig.4 by the contrast differences and rotational moiré fringes 


Figure 2 | Dodecagonal 
quasicrystals self-assembled from 
spherical nanoparticles. a, TEM 
image of a quasicrystalline 
superlattice self-assembled from 
13.4-nm Fe,03 and 5-nm Au 
nanocrystals. Inset, selected-area 
electron diffraction pattern with 
non-crystallographic 12-fold 
rotational symmetry measured 
from a ~6-\1m? domain. 

b, Magnified view of a dodecagonal 
nanoparticle quasicrystal. 

c, Dodecagonal quasicrystalline 
superlattice self-assembled from 
9-nm PbS and 3-nm Pd 
nanocrystals. Inset, fast-Fourier- 
transform pattern of the 
quasicrystalline superlattice. 
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(parallel stripes with spacing much larger than the atomic lattice con- 
stant). Fourier analysis of TEM projections of DDQC nanoparticle 
assemblies imaged normal to the 12-fold axis showed the coexistence 
of periodic and aperiodic crystallographic directions orthogonal to 
each other (Supplementary Figs 5 and 6). 

The DDQC phase is rare in atomic solids—known examples 
include small Ni—Cr particles”? and Ta— Te solids°—and is the only 
quasicrystal phase observed in soft matter, namely organic dendrimers 
and star-shaped tri-block copolymers”*. To evaluate the generality of 
the DDQC packing motif in nanocrystal assemblies, we investigated a 
range of binary nanoparticle systems. We observed the self-assembly 
of a DDQC phase from colloidal solutions containing 12.6-nm Fe;O,4 
and 4.7-nm Au nanocrystals (Supplementary Fig. 7) and from solu- 
tions containing 9-nm PbS and 3-nm Pd nanocrystals (Fig. 2c). The 
iron oxide/gold and PbS—Pd systems formed DDQC phases at very 
similar size ratios of small and large particles (y= dncsmau/ 
Ax large ~ 0.43 + 0.01). This parameter was calculated using actual 
nanocrystal size estimated as duc = doore + 2dshe» Where dcore is the 
nanocrystal diameter and d,),<1 is the effective thickness of ligand shells 
measured for different nanocrystal—ligand pairs in ref. 13. 

The size of single-domain DDQC superstructures ranged from 
hundreds of nanometres to several micrometres (Supplementary 
Fig. 8), covering large areas of the TEM grids; very similar composi- 
tions and electron diffraction patterns were observed in numerous 
samples. We also observed larger domains, but they usually were too 
thick to be imaged using TEM and we could not determine whether 
they consisted of a single DDQC domain or contained several long- 
range-ordered domains. Within individual domains, we occasionally 
observed local defects, such as one shown in Supplementary 
Fig. 3b, c; such defects did not disturb the global order of the quasi- 
crystals, however, and could be considered analogous to the point 
defects in an ordinary crystalline lattice. 

Our DDQC superlattices formed during slow evaporation of tetra- 
chloroethylene solutions at 50 °C. Under these conditions, we routinely 
observed self-assembly of nearly perfect long-range-ordered periodic 
BNSLs'*”* from iron oxide/gold and PbS—Pd nanoparticle pairs when + 
was above or below 0.43 or when relative nanoparticle concentrations 
were inappropriate for formation of the DDQC phase. A defect-free 
BNSL can form only if assembly occurs not too far from equilibrium 
conditions through reversible addition and removal of the nano- 
particles. Formation of a highly metastable DDQC phase through a 
far-from-equilibrium quenching process is very unlikely under such 
conditions. However, we should not exclude the role of kinetic factors 
in the assembly process. For example, (Au), clusters could form in 
solution before their integration in a DDQC lattice. It is extremely 
difficult to judge whether a quasicrystal is stable or metastable**. 
Even if the quasicrystal would preferentially transform into an approx- 
imant (for example the Archimedean tiling), the transformation, which 
occurs by a process known as zipper motion”, is slow and will not be 
observed experimentally. This means that the DDQC might be stable 
for practical purposes even ifit is not a thermodynamically stable phase. 

At the periphery of large quasicrystal domains, we often observed 
coexistence of DDQCs with AIB,-type BNSLs with sharp interfaces 
(Fig. 3a). The abrupt change of composition from AB~3 6 to AB 
provides additional evidence that the DDQC is a stable phase corres- 
ponding to a free-energy minimum. Figure 3b provides a view of the 
interface between quasicrystalline (DDQC) and crystalline (CaBg) 
phases with a resolution hardly achievable in atomic systems. A 
smooth transition between two topologically different phases was 
possible owing to a thin ‘wetting layer’ of (3°.4”) Archimedean tiling 
that matched both phases with a low concentration of interfacial 
defects. This tiling was recently proposed to be an intermediate 
between a hexagonal crystal and a decagonal quasicrystal’. 
According to our observations, the same (3°.4”) Archimedean tiling 
bridges a cubic CaB, lattice and a DDQC, demonstrating its unique 
position as a pseudomorphic phase with both crystalline and quasi- 
crystalline structural properties””*. 
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Figure 3 | Structure of the interface between quasicrystalline and 
crystalline phases. a, Interface between the DDQC phase and the AIB,-type 
binary superlattice self-assembled from 13.4-nm FeO; and 5-nm Au 
nanocrystals. QC, quasicrystal. b, Transition from the DDQC phase to the 
CaBg-type binary superlattice of 12.6-nm FeO, and 4.7-nm Au nanocrystals 
is facilitated by the presence of a ‘wetting layer’ of (3°.4”) Archimedean tiling. 
c, Space-filling factors calculated for the AIB, and CaB, structures. The 
dotted line corresponds to the single-component close-packed structure 
with the space-filling factor p = 0.7405. The filled-in section in the AIB, line 
corresponds to different arrangements of densely packed spheres. 


Formation of DDQC phases from different nanoparticle combina- 
tions (iron oxide/gold and PbS—Pd) suggests that no particular com- 
bination of interparticle interactions is necessary to form a DDQC 
phase. However, the striking coincidence of y ratios suggests that 
particle size has an important role. Measurements of electrophoretic 
mobility for colloids of Au and FeO; nanocrystals revealed the domi- 
nation of electrically neutral nanoparticles in solution (Supplemen- 
tary Fig.9). In the absence of strong Coulombic interactions, the 
space-filling factor, p, has a significant effect on the relative stabilities 
of binary nanoparticle phases”. In hard-sphere systems, p can often be 
used as a structure-determining factor as it directly relates to the gain 
in translational entropy during the crystallization process. Because 
DDQC and (37.4.3.4) structures combine the elements of AIB, and 
CaB, packings, we compared the p values for AIB, and CaB, lattices at 
different values of y (Fig. 3c). For 0.34 << y < 0.43, the density of the 
CaBg phase exceeds that of the AIB, phase, whereas for y < 0.34 and 
y > 0.43, the AIB, phase is more dense than the CaB, phase. In our 
experiments, the DDQC phase and Archimedean tilings were 
observed for y ~ 0.43, that is, where the p(y) curves for the AIB, 
and CaBg phases crossed, at p ~ 0.70. At the crossing point, the trans- 
lational entropies of the AIB,, CaB, and DDQC phases and 
Archimedean tilings were very similar. Here some other factors are 
involved in determining relative phase stabilities. 

The quasi-periodicity could be a result of maximizing the entropy of 
arrangement of square and triangular ‘tiles’***°’!—many degenerate 
ways of packing contribute to the configurational entropy and cause 
the quasicrystalline state to be more stable than crystalline BNSL states’. 
The entropy of square-triangle tiling is maximized for patterns with N3/ 
N, values of around 4/ \/3 (ref. 20). Moreover, the discontinuity in the 


©2009 Macmillan Publishers Limited. All rights reserved 


NATURE|Vol 461|15 October 2009 


entropy density corresponding to the DDQC state”® can provide a 
mechanism for locking the quasicrystalline state over a range of nano- 
crystal concentration ratios. It has been predicted that the unique equi- 
librium maximum-entropy DDQC state can be approached during 
growth by sufficiently randomized addition and removal of square 
and triangular tiles at the surface of pre-nucleated quasicrystal clusters”®. 

There are several ways to build square and triangular tiles from 
spherical particles. As far as we know, the structure shown in Fig. 2 
has been neither observed experimentally nor anticipated in quasi- 
crystal models and simulations. The formation of a DDQC in which 
‘squares’ were made from four large particles surrounding one small 
particle and ‘triangles’ were formed by three touching large particles 
has been studied theoretically**. In three dimensions, the local p value 
of such triangular tiles will correspond to that of a simple hexagonal 
lattice, and square tiles can be modelled as a CsCl lattice. The same 
packing-density conditions for simple hexagonal and CsCl packings 
occur for y ~ 0.54 and p ~ 0.60. Owing to low packing density, the 
formation of such structures would require significant cohesive 
forces and is less likely than formation of the significantly denser 
structure shown in Fig. 2. As we observed the same packing motif 
in different nanoparticle systems, the structure in Fig. 2 could corre- 
spond to the most stable, highest entropy quasicrystal phase of 
weakly attractive spherical particles. 

Spherical nanoparticles can be used to model both geometrical and 
electronic properties of individual atoms’? and can easily be imaged 
in real space. Studies of the self-assembly of quasicrystal nanoparticle 
superstructures will provide insight into the formation of the quasi- 
crystal phase in atomic systems. The assembly of the DDQC phase 
from different nanoparticle combinations shows that quasicrystal 
ordering could be a relatively common phenomenon in nanocrystal 
solids. Nanoparticle quasicrystals can be used as a convenient plat- 
form for detailed investigation of quasicrystal properties, for example 
the nearly isotropic Brillouin zone and complete photonic band gap 
in DDQCs”. We expect that stable quasicrystal phases will soon be 
discovered in other man-made materials, for example metal-organic 
frameworks. 


METHODS SUMMARY 

Nanoparticle synthesis. Au and Pd nanoparticles capped with 1-dodecanethiol 
were prepared as described in ref. 13. FeyO3 nanoparticles (‘y phase, maghemite) 
were synthesized by methods adapted from ref. 28 Details of the synthesis of PbS 
nanocrystals capped with the oleic acid can be found in ref. 29. Fe,0.4 nanoparticles 
(magnetite phase) were synthesized using the method of ref. 30. Additional experi- 
mental details are provided in the Supplementary Information. 

Preparation of binary superlattices. As-synthesized nanoparticles were carefully 
washed from reaction by-products and dissolved in tetrachloroethylene. A substrate 
(acarbon-coated TEM grid or a silicon nitride membrane) was placed in a glass vial 
containing the colloidal solution of nanoparticles. The vial was tilted by 60° or 70° 
inside a low-pressure chamber. The quasicrystalline nanoparticle assemblies were 
obtained by evaporating relatively concentrated colloidal solutions at 50 °C under 
reduced pressure (~3.2 kPa). 

Structural analysis. JEOL JEM-1400 and FEI Tecnai F30 transmission electron 
microscopes operating at 120 kV and 300 kV, respectively, were used to image the 
structures of nanoparticle assemblies. The electron diffraction patterns were 
measured from a 6-tm” area of the sample. The TEM images were compared 
with the structure projections simulated using the Accelrys MS MODELLING 3.1 
and CRYSTALMAKER software packages. We also performed a comparison of 
experimental small-angle electron diffraction patterns, the two-dimensional 
Fourier-transformation power spectra of real-space TEM images and the fast- 
Fourier-transformation power spectra of the simulated projections to ensure 
consistency. 
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Scaleable catalytic asymmetric Strecker syntheses of 


unnatural a-amino acids 


Stephan J. Zuend', Matthew P. Coughlin’, Mathieu P. Lalonde’ & Eric N. Jacobsen’ 


a-Amino acids are the building blocks of proteins and are widely 
used as components of medicinally active molecules and chiral 
catalysts’. Efficient chemo-enzymatic methods for the synthesis 
of enantioenriched g-amino acids have been developed, but it is still 
a challenge to obtain non-natural amino acids®’. Alkene hydrogena- 
tion is broadly useful for the enantioselective catalytic synthesis of 
many classes of amino acids*’, but it is not possible to obtain 
g-amino acids bearing aryl or quaternary alkyl a-substituents 
using this method. The Strecker synthesis—the reaction of an imine 
or imine equivalent with hydrogen cyanide, followed by nitrile 
hydrolysis—is an especially versatile chemical method for the syn- 
thesis of racemic g-amino acids'*". Asymmetric Strecker syntheses 
using stoichiometric amounts of a chiral reagent have been applied 
successfully on gram-to-kilogram scales, yielding enantiomerically 
enriched g-amino acids'* “. In principle, Strecker syntheses employ- 
ing sub-stoichiometric quantities of a chiral reagent could provide a 
practical alternative to these approaches, but the reported catalytic 
asymmetric methods have seen limited use on preparative scales 
(more than a gram)'*’’. The limited utility of existing catalytic 
methods may be due to several important factors, including the 
relatively complex and precious nature of the catalysts and the 
requisite use of hazardous cyanide sources. Here we report a new 
catalytic asymmetric method for the syntheses of highly enantio- 
merically enriched non-natural amino acids using a simple chiral 
amido-thiourea catalyst to control the key hydrocyanation step. This 
catalyst is robust, without sensitive functional groups, so it is com- 
patible with aqueous cyanide salts, which are safer and easier to 
handle than other cyanide sources; this makes the method adaptable 
to large-scale synthesis. We have used this new method to obtain 
enantiopure amino acids that are not readily prepared by enzymatic 
methods or by chemical hydrogenation. 

The urea- and thiourea-catalysed Strecker synthesis of (R)-tert- 
leucine developed several years ago by our group’”’* illustrates many 
of the factors that have limited the application of catalytic asymmet- 
ric imine hydrocyanation methods towards routine preparative-scale 
syntheses (Figs 1 and 2). Although this synthesis provides (R)-tert- 
leucine in high yield and enantiomeric excess, the hydrocyanation 
reaction is run at cryogenic temperatures and uses a hazardous cyanide 
source: either trimethylsilyl cyanide (TMSCN)/methanol (MeOH) or 
HCN. In addition, the syntheses of either polystyrene-bound catalyst 
1a or homogeneous analogue 1b require eight chemical steps, and the 
conversion of the a-aminonitrile to the o%-amino acid requires four 
chemical steps. 


NH, 
H HCN WH H,0+ OH 
ye 
R ‘CN 
oO 
Figure 1| Strecker synthesis of g-amino acids. (R = aliphatic or aromatic 


organic substituent). 


In mechanistically and synthetically guided efforts to identify 
simpler small-molecule H-bond donors for enantioselective imine 
hydrocyanation, we discovered that amido-thiourea derivatives lack- 
ing the diaminocyclohexane moiety in 1 (refs 19, 20) are efficient 
catalysts for the hydrocyanation of N-benzhydryl-protected imines 
using HCN generated in situ from TMSCN and MeOH (Table 1)*’. 
Whereas simple amido-thiourea 4a induced low levels of enantioselec- 
tivity in hydrocyanation ofboth aliphatic and aromatic imines (entry 1 
in Table 1), the corresponding phenyl-substituted amido-thioureas 
proved more effective (entries 2-4). The highest enantioselectivities 
were observed in reactions catalysed by N-benzhydryl-substituted 
catalyst 4e (entry 5). This catalyst contains a single stereogenic centre 
and is prepared in three steps from commercially available reagents 
(74% overall yield on the 5-g scale), and is thus readily accessible 
compared with chiral Strecker catalysts identified previously'’>’’. 

Amido-thiourea derivative 4e proved effective and highly enantio- 
selective for the hydrocyanation of imines derived from alkyl (Table 2, 
entries 1-5), aryl (entries 7-16), heteroaryl (entries 17-19), and alkenyl 
aldehydes (entries 20-22). Lower enantioselectivities are obtained with 
less sterically demanding imines (entries 6 and 23). In general, (R)-c- 
aminonitriles are obtained from the catalyst derived from (S)-tert- 
leucine. This fortuitous outcome introduces an important practical 
feature of this method, because (S)-tert-leucine is readily available 
inexpensively by enzymatic methods‘, but practical catalytic methods 


ta: X = S, R = polystyrene HO. 
1b: X=O,R=Ph 


t-Bu OCO,t-Bu 


0 
a HCN, 1a (4 mol.%), 

nla JL XA ¢ H,80, 
H7 ~N7Ph —— 


N Ph toluene 
ae b Ac,O, HCO,H sec sen 
[e) 

sae d HCl NH, ¢ HCl 

hag CO,H e H,,Pd/C,MeOH  ¢-Bu COH 
84% yield 
99% e.e. 
2.1-g scale 


Figure 2 | First-generation thiourea-catalysed asymmetric Strecker 
synthesis of tert-leucine. a, HCN (1.3 equiv.), 1a (4 mol.%), toluene, —75 °C, 
15h. b, Acetic anhydride (Ac.O), HCO;H, 5 min. ¢, 65% aqueous H,SO,, 
45 °C, 20h. d, Concentrated HCl, 13h. e, H2, Pd/C (0.1 equiv.), methanol 
(MeOH), 8h. Ph, phenyl; t-Bu, tert-butyl; e.e., enantiomeric excess. 
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CF, 


| 7 (0.5 mol.%) 
Ph._UN Bu 

N° °N CF. 
a Ra i? de A ° Hy7CHPhe 
3 A, 


Ri KCN, AcOH, H,0, toluene, 0 °C, 4-8 h Ba GN 


87-90% e.e. 


NHBoc NHBoc 


t-Bu~ ‘CO,H CO,H 
5a 5b 


62-65% yield 50-51% yield 
6 to 14-g scale 3.5-g scale 


do not exist for the synthesis of (R)-tert-leucine and related (R)-amino 
acids”. 

High yields and enantioselectivities are obtained in these imine 
hydrocyanations catalysed by 4e; however, TMSCN is expensive, and 
the stoichiometric HCN generated upon combination with methanol 
introduces serious practical and safety liabilities that limit application 
on preparative scale. Potassium cyanide (KCN) and sodium cyanide 
(NaCN) represent inexpensive, alternative cyanide sources for Strecker 
syntheses'*'*”*, but these reagents have found limited application in 
catalytic asymmetric imine hydrocyanations developed to date. This 
may be attributed to the poor solubility of cyanide salts in organic 
solvents, and the incompatibility of known catalysts to aqueous 
media. In contrast, catalyst 4e lacks any sensitive functional groups, 
and therefore might be adaptable to use under aqueous or biphasic 
conditions. Indeed, treatment of toluene solutions of imine 2a 
with KCN, acetic acid, water and catalyst 4e led to the formation of 
o-aminonitriles with enantioselectivity similar to that observed in the 
homogeneous, TMSCN/MeOH-mediated reaction (Fig. 3). Only small 
decreases in enantioselectivity were observed at higher temperatures 
and concentrations, and reactions carried out under these more prac- 
tical conditions proceeded at substantially higher rates. 

The efficiency of this reaction is relatively insensitive to small changes 
in reagent and catalyst concentration: using an optimized protocol, 
hydrocyanation experiments using 0.5 mol.% catalyst were executed 
reproducibly and safely at the 25-100 mmol scale for the preparation of 


Table 1| Dependence of imine hydrocyanation enantioselectivity on 
catalyst structure 


n7CHPhe TMSCN (2 equiv.), MeOH (2 equiv.), HycCHPhe 
—_—_— 
a 4 (6 mol.%), toluene (0.2 M), BoMGh 
-30 °C, 20h 
2 3 
CF, 
Me tBu gs 
| = 
Me SBEy CF, 
H H 
oO 
4a 
Me Me Me Me 
Ph N I, Ph N fy, Ph N Ph N te 
Ne Nz 
TT 1 : 
oO Me O Me Ph O 
4b 4c 4d 4e 
Entry Catalyst Enantiomeric excess (%), Enantiomeric excess (%), 
R = tert-Bu R=CgHs 
ul 4a -14 Al 
2 4b 30 86 
3 4c 58 90 
4 4d 77 97 
5 4e 93 98 


Enantiomeric excess determined by chiral HPLC analysis using commercially available columns. 
Me, methyl. 


b H,SO,, HCI, 44-68 h 
c NaOH, NaHCO, 
d Boc,0, dioxane, 16h 


e Recrystallize 


LETTERS 


Figure 3 | Potassium cyanide- 
mediated Strecker synthesis. 

a, Catalyst 4e (0.5 mol.%), KCN 

(2 equiv.), acetic acid (AcOH, 

1.2 equiv.), H,O (4 equiv.), toluene, 
0°C, 4-8h. b, Aqueous H,SO, and 
HCl, 120 °C, 44-68 h. c, NaOH, 
NaHCO,. d, Di-tert-butyl 
dicarbonate (Boc,O, 2.5—3 equiv.), 
dioxane, 16h. e, Recrystallize 
directly from hexanes/diethyl ether 
or as the fert-butylamine (t- 
BuNH,) salt from tetrahydrofuran/ 
ethanol. Me, methyl; Boc = tert- 
5d butoxycarbonyl. 


NHBoc 


R~ SCO,H 


98-99% e.e. 


NHBoc 


° t-BuNH, 
CO,H 


48-51% yield 
4-g scale 


protected amino acid derivatives 5a, 5b and 5d (Fig. 3). The requisite 
imines 2a, 2b and 2d (Table 2) were prepared on multi-gram scales in 
one or two steps from commercially available aldehydes”. The hydro- 
cyanation reaction mixtures were treated with aqueous K,CO; before 
workup to quench any unreacted HCN generated under the reaction 
conditions. The enantiomerically enriched «-aminonitriles were 
isolated in crude form by routine extraction and solvent removal pro- 
cedures, and converted to the corresponding tert-butoxycarbonyl- 
protected (R)-o-amino acids by a two-step sequence involving 


oO 
El 
N 
O 
Q tBu OH 0 
H H N PPh, 
N Ne N. OM 
aa ra a On 
H é H 
Oo pp tBu O 


(S)-t-Bu-phox 


Atazanavir (HIV protease inhibitor) (ligand for asymmetric catalysis) 


Figure 4 | Examples of a pharmaceutical product and a chiral ligand derived 
from tert-leucine. 


Table 2 | Scope of asymmetric imine hydrocyanation 


y7CHPhe ~TMSCN (2 equiv.), MeOH (2 equiv.), Hn7CHPhe 
JI 
4e, toluene (0.2 M), 
R -30 °C, 20h ae ON 
2 3 


Entry Imine 2 (R=) 4e(mol.%) Yield(%) Enantiomeric excess (%) 


‘ll tert-butyl (a) 2 99 93 
2 Et2MeC (b) 2 99 96 
3 PhMe3C (e) 2 97 85 
4 (1-methyl)cyclohexyl (d) 2 99 95 
5 1-adamantyl (e) 2 99 93 
6 cyclohexyl (f) 2 99 74 
7 p-OMeCgH, (g) 2 99 99 
8 p-MeCeH, Ch) 2 98 98 
9 CeHs (D 2 98 98 
10 p-CICgH, G) 2 97 98 
11 p-CF3CgH, (k) 2 98* 96 
12 p-CNC¢H, (I) 10 96* 93 
13. p-BrCgH, (m) 2 98 99 
14. 0-OMeCeHa (in) 2 97 88 
15. o-BrCgHy (0) 2 96* 97 
16 = m-BrCgHa (p) 2 97* 92 
17 —_2-furyl (q) 2 99 93 
18  3-furyl (r) 2 98 97 
19  2-thiophenyl (s) 2 97* 95 
20 = 1-cyclohexeny! (t) 2 99 95 
21 = (E)-1-methyl-pent-1-enyl (u) 2 98 91 
22 ~~ (E)-cinnamyl (vw) 2 99 95 
23 (E)-hexenyl (w) 2 oT 73 


Isolated yields of 3 after silica gel chromatography of reactions run on 1.0 mmol scale. 
Enantiomeric excess determined by chiral HPLC analysis using commercially available columns. 
*Reactions run at 0 °C. Et, ethyl. 
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H,SO,/HCl-mediated hydrolysis followed by treatment of the result- 
ing aqueous amino acid solutions with di-tert-butyl dicarbonate 
(Boc,O)**”*. The highly enantiomerically enriched, sterically demand- 
ing protected «-amino acids were then isolated on multi-gram scales by 
recrystallization. In each case, the synthetic sequence required no chro- 
matographic purification or specialized equipment. 

a-Amino acids bearing quaternary alkyl substituents, especially 
tert-leucine, are common components of pharmaceuticals* or medi- 
cinal chemistry targets”’, and their derivatives have been found to be 
highly effective as components of chiral ligands* and organocata- 
lysts** used in small-molecule asymmetric catalysis (Fig. 4). Use of 
these «-amino acids has largely been limited to (S)-tert-leucine, 
which may be prepared efficiently by enzymatic methods®. The 
method described in this paper allows for efficient access both to 
the (R)-enantiomer of tert-leucine and to more sterically demanding 
analogues, thereby expanding the pool of «-amino acids that can be 
used in medicinal and other applications. 

A detailed experimental and computational” analysis of the hydro- 
cyanation reaction catalysed by 4e points to a mechanism involving 
initial amido-thiourea-induced imine protonation by HCN to generate 
a catalyst-bound iminium/cyanide ion pair (Fig. 5). Collapse of this ion 
pair and C-C bond formation to form the «-aminonitrile then occurs in 
a post-rate-limiting step. Complete details of this novel mechani- 
stic hypothesis and the basis for enantioselectivity will be reported 
separately*’. 


?? 


METHODS SUMMARY 


Reactions were carried out in round-bottomed flasks under nitrogen, unless 
otherwise noted. Commercially available reagents were purchased and used as 
received unless otherwise noted. Catalysts, imines and o-amino acids were char- 
acterized by nuclear magnetic resonance (NMR) and infrared spectroscopy, and 
by mass spectrometry. The enantiomeric excess of chiral, non-racemic o-amino 
acids was determined by chiral high-performance liquid chromatography 
(HPLC) analysis of the benzyl ester derivatives. «%-Aminonitriles were character- 
ized by NMR and infrared spectroscopy, and the enantiomeric excesses were 
determined by chiral HPLC analysis. For experimental details and spectroscopic 
characterization data, chiral HPLC traces of racemic and non-racemic &-ami- 
nonitriles and benzyl esters of «-amino acids, 'H and '*C NMR spectra of catalyst 
4e and «-amino acids, and the geometry of the calculated intermediate, see the 
Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 18 May; accepted 28 August 2009. 
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METHODS 

Preparation of a-aminonitrile 3a by KCN-mediated hydrocyanation. Caution! 
HCN is produced. The experiment should be executed in a well-ventilated fume 
hood. 

A 250-ml round-bottomed flask containing a 4-cm-long stir bar was charged 
with KCN (5.21 g, 80 mmol, 2.0 equiv.) and toluene (76 ml), capped with a virgin 
rubber septum, and cooled at 0°C for 10 min under N>. Acetic acid (2.75 ml, 
48 mmol, 1.2 equiv.) and water (2.88 ml, 160 mmol, 4.0 equiv.) were added 
sequentially via syringe, and the N> inlet was removed. The resulting white, 
heterogeneous mixture was stirred vigorously at 0°C. After 5min the upper 
organic layer had become a clear, colourless solution, and the lower aqueous 
layer contained a chunky, white precipitate. After stirring for 20 min, the Nj inlet 
was restored, and a freshly prepared stock solution of 2a (9.79-9.93 g, prepared 
from 40 mmol of aminodiphenylmethane as described in the Supplementary 
Information) and 4e (116mg, 0.20 mmol, 0.0050 equiv.) in toluene (24 ml) 
was added via syringe in 10-ml portions over 1 min. The flask containing the 
stock solution was rinsed with additional toluene (2 X 3 ml), and the rinses were 
added to the reaction. The N2 inlet was removed, and the mixture was stirred at 
0 °C. The reaction was monitored as follows: a 100 tl aliquot was removed via 
syringe, filtered through a 1-cm-high plug of NazSO,, rinsed with hexanes 
(2 X 3 ml), and concentrated under reduced pressure. The sample was dissolved 
in 600 ul CDCI; and analysed by 'H-NMR spectroscopy. After 2.5 h, conversion 
was estimated to be 95% by integration of the benzhydryl resonances of the 
starting material (5.4 p.p.m.) and product (5.2 p.p.m.). After 4h, the reaction 


nature 


mixture was allowed to warm to room temperature over 5 min. The septum 
was removed, and the reaction mixture was treated with 50 ml of a 0.2 gml | 
aqueous K3CO3 solution. The mixture was transferred to a 250-ml separatory 
funnel in a fume hood, the reaction flask was rinsed with diethyl ether (3 X 5 ml), 
and the rinses were added to the separatory funnel. The organic and aqueous 
layers were thoroughly mixed, and the aqueous layer removed. The organic layer 
was washed with another 50 ml of K,CO3 solution and then with brine (50 ml). 
The aqueous layers were disposed in a waste container that was maintained at 
basic pH and stored ina fume hood. The clear, colourless organic layer was dried 
over Na,SO,, decanted into a 500-ml round-bottomed flask, rinsing with diethyl 
ether (3 X 5 ml), and concentrated to a volume of approximately 100 ml using a 
rotary evaporator. The flask was then charged with a 2-cm-long stir bar, placed in 
a 25°C water bath, and concentrated to a volume of approximately 15 ml by 
vacuum transfer into a dry ice/acetone bath. A sample of the clear, colourless 
liquid residue was analysed by chiral HPLC analysis (Chiralpak AS-H column, 
Chiral Technologies), 1 ml min !,5% iso-propanol/hexanes, 220 nm): retention 
time fg(minor) = 6.18 min, fg(major) = 9.09 min, 87-88% enantiomeric excess 
(range of three experiments). The liquid was transferred to a 100-ml round- 
bottomed flask, rinsing with CH,Cl, (3 X 4 ml). The solution was concentrated 
to a mass of 12g under reduced pressure (30 torr down to 1 torr). 'H-NMR 
analysis of the clear, colourless oil revealed approximately 30 mol.% remaining 
toluene. Crude 3a was used in the next step without further purification. 
Experimental procedures for the hydrolysis of 3a and for the isolation of 
(R)-Boc-tert-leucine are provided in the Supplementary Information. 
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Extensive dynamic thinning on the margins of the 
Greenland and Antarctic ice sheets 


Hamish D. Pritchard’, Robert J. Arthern’, David G. Vaughan’ & Laura A. Edwards” 


Many glaciers along the margins of the Greenland and Antarctic 
ice sheets are accelerating and, for this reason, contribute increas- 
ingly to global sea-level rise’’. Globally, ice losses contribute 
~1.8mm yr | (ref. 8), but this could increase if the retreat of ice 
shelves and tidewater glaciers further enhances the loss of 
grounded ice’ or initiates the large-scale collapse of vulnerable 
parts of the ice sheets’®. Ice loss as a result of accelerated flow, 
known as dynamic thinning, is so poorly understood that its 
potential contribution to sea level over the twenty-first century 
remains unpredictable’’. Thinning on the ice-sheet scale has been 
monitored by using repeat satellite altimetry observations to track 
small changes in surface elevation, but previous sensors could not 
resolve most fast-flowing coastal glaciers'*. Here we report the use 
of high-resolution ICESat (Ice, Cloud and land Elevation Satellite) 
laser altimetry to map change along the entire grounded margins 
of the Greenland and Antarctic ice sheets. To isolate the dynamic 
signal, we compare rates of elevation change from both fast- 
flowing and slow-flowing ice with those expected from surface 
mass-balance fluctuations. We find that dynamic thinning of gla- 
ciers now reaches all latitudes in Greenland, has intensified on key 
Antarctic grounding lines, has endured for decades after ice-shelf 
collapse, penetrates far into the interior of each ice sheet and is 
spreading as ice shelves thin by ocean-driven melt. In Greenland, 
glaciers flowing faster than 100 m yr’ ' thinned at an average rate 
of 0.84myr', and in the Amundsen Sea embayment of 
Antarctica, thinning exceeded 9.0 myr_' for some glaciers. Our 
results show that the most profound changes in the ice sheets 
currently result from glacier dynamics at ocean margins. 

To quantify ice loss from ice sheets, three different methods have so 
far been used: calculation of flux imbalance from separate measure- 
ments of snow accumulation and ice flow velocity, detection of 
changing gravitational anomalies and measurement of changing ice- 
sheet surface elevation. Each approach has limitations: flux-imbalance 
estimates suffer from inaccuracies in snow accumulation rate!?, and 
satellite gravity measurements have poor spatial resolution and are 
prone to problems in modelling crustal rebound”. Direct measure- 
ment of volume change by satellite radar altimeters is limited to lati- 
tudes between 81.5°S and 81.5° N and to surface slopes below ~1°. 
Resolution is limited to a footprint width of 2-3 km, measurement 
density is low (being restricted to ground-track crossover points) and 
radar surface penetration is imperfectly known. Current radar systems 
perform poorly where change is most rapid, namely along the rela- 
tively steep and narrow glaciers fringing the ice sheets'*. Furthermore, 
conversion from volume to mass change requires knowledge of 
the density of snow or ice added or lost. Additional information is 
needed to distinguish between these in low-resolution radar altimeter 
measurements’’. 

An entirely different experiment, the Geoscience Laser Altimeter 
System, launched in 2002 on board NASA’s ICESat, was designed to 


overcome several of these issues. Here we report a method of com- 
paring data from near-repeat ICESat tracks. This produces a much 
greater measurement density than was previously available, revealing 
the pattern of change from local to continental scales, including the 
steep ice-sheet margins. 

Figure 1 shows two examples demonstrating that our technique 
provides coherent measurements of change, significant on length 
scales on the order of 100 m along the satellite ground track. This high 
resolution allows us, in many areas, to distinguish between changes in 
elevation that result from dynamical changes associated with fast- 
flowing ice and those that result from other causes (snowfall, melt 
and so on), by comparing the rate of change in adjacent slow- and fast- 
flowing areas in the same climatic setting (Fig. 1b, Supplementary 
Figs 5, 6, 7, 8, 9 and 10 and Supplementary Tables 2, 4 and 5). 

Comparison of Fig. 2 with those produced using the >10-yr 
records obtained by radar altimetry'*'>’® shows that our technique 
successfully reproduces the large-scale patterns of ice-sheet change 
and, in both Antarctica and Greenland, shows features not previously 
seen. 

Prominent in Greenland is the strong thinning of the southeast 
and northwest ice-sheet margins (Supplementary Fig.3); higher 
areas in the south thickened. These margins have a positive surface 
mass balance (SMB) and, hence, a high proportion of discharge 
through tidewater glaciers. Southeastern glaciers accelerated between 
1996 and 2005, but those in the northwest showed little change in 
flow’. The widespread dynamic thinning we identify in the northwest 
therefore implies a sustained period of dynamic imbalance. For the 
ice sheet as a whole, areas of fast flow' (>100 m yr! (ref. 2)) thinned 
significantly more rapidly than slow-flowing areas (0.84myr_! 
versus 0.12myr~'), a discrepancy that cannot be explained by 
variability in SMB (Supplementary Table 2). We find that of 111 
glaciers surveyed, 81 thinned dynamically at rates greater than twice 
the thinning rate on nearby slow-flowing ice at the same altitude 
(Supplementary Tables 5 and 6). Dynamic thickening is scarce but 
notable on quiescent surge-type glaciers Storstrammen” (Fig. 2, 
inset; S) and neighbouring L. Bistrup Bre (Supplementary Fig. 3). 
For the first time, low-altitude changes are discernible across the 
slower-flowing, land-terminating ice sheet and on many small, 
fringing ice caps. North of 80°N, thinning of the slow-flowing 
margin peaked at 0.15 +0.002myr | at an altitude of 900m but 
was close to zero at 450 and 1,450m (Supplementary Fig. 4), with 
changes most likely driven by SMB anomalies. In contrast, the south- 
western margin thickened at all altitudes, at up to 0.44 + 0.005 myr_'. 
Dynamic thinning has penetrated deep into the ice sheet: on 
Jakobshavn Isbree, Helheim and Kangerdlugssuaq glaciers (Fig. 2, 
inset; respectively J, H and K), it is detectable from the snout to 120, 
95 and 100 km inland, respectively, at altitudes of 1,600 m to 2,000 m 
above sea level. If these changes are driven by the reported recent 
glacier retreat and acceleration'’, this would imply remarkable rates 


'British Antarctic Survey, Natural Environment Research Council, Madingley Road, Cambridge CB3 OET, UK. *School of Geographical Sciences, University of Bristol, Bristol BS8 1SS, UK. 


971 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


a Longitude 
48° 20° W 


Latitude 


G2eMlos Ww 


i 


Figure 1| High-resolution change measurements from along-track 
interpolation of ICESat data. a, The filling of a melt pond (blue; see colour 
scale) is resolved against a trend of dynamic thinning (yellow to red) on 
Jakobshavn Isbree, Greenland. Thinning increases strongly towards the 
glacier centre, to the northeast. White arrow, main ice flow direction; green 
contours, mean SMB (metres water equivalent per year) (after ref. 2); 
background, synthetic-aperture-radar image. See also Supplementary Fig. 2. 
b, Rapid dynamic thinning (up to 13 myr_ ') of Clifford Glacier, feeding the 
southern part of the Larsen Ice Shelf, Antarctic Peninsula. Background, 
Landsat Image Mosaic of Antarctica (grounding line in grey). Data are 
unfiltered. Inset, global-positioning-system ground-control points from 
Supplementary Table 1 (JN, Jurassic Nunatak; GN, Gomez Nunatak; DP, 
Dyer Plateau). 


of propagation (Supplementary Fig. 5). Furthermore, deeply penetrat- 
ing dynamic thinning has spread to high northern latitudes, for 
example on Tracy Glacier at 77.6°N (Supplementary Table3 and 
Supplementary Fig. 6). 

In Antarctica, we find significant dynamic thinning of fast-flowing 
ice at rates greater than plausible through interannual accumulation 
variability for drainage sectors’’ F’G and GH (Fig. 2), with significant 
dynamic thickening of sector A’B (Supplementary Table 4). On the 
glacier scale, thinning is strongest in the Amundsen Sea embayment 
(ASE), where it is confirmed as being localized on the fast-flowing 
glaciers and their tributaries (Fig. 3 and Supplementary Fig. 7). The 
area close to the Pine Island Glacier grounding line thinned in the 
period 2003-2007 at up to 6myr ', neighbouring Smith Glacier 
thinned at a rate in excess of 9myr_' and Thwaites Glacier thinned 
at a rate of around 4myr '. These rates are higher than those 
reported for the 2002-2004 period”. Numerous small, independent 
glaciers feeding the same, rapidly thinning ice shelves, namely the 
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Crosson and Dotson ice shelves*', are also thinning dynamically, 
which is strong evidence of a common, ocean-driven cause 
(Supplementary Fig. 7). Surface lowering is apparent across almost 
the whole area of the drainage basins of the Kohler, Smith, Pope and 
Haynes glaciers of the Amundsen Sea embayment, and up to the 
northern drainage divide of Pine Island Glacier. We calculate the 
mean elevation rate for sector GH to be —0.139+0.07myr 
(whereas a rate of —0.092 + 0.007 myr_' was reported for 1995- 
2003), giving a volume change of —57 + 29km’* yr |. 

Several new features in the pattern of Antarctic elevation change 
are now visible. The ‘polar hole’ resulting from the orbital limit of 
satellites is reduced from the area south of 81.5°S for current radar 
altimetry to that south of 86° S for ICESat; hence, we now see the full 
Antarctic grounding line, including the Siple Coast (Fig. 2; SC). This 
allows us to confirm expectations of previous studies of the shutdown 
of the Kamb Ice Stream around 130 yr ago’*”>**. We see thickening of 
the ice stream reaching 0.65+0.07myr | close to the transition 
between its fast-flowing tributaries and stagnant trunk (Fig. 4). The 
fast-flowing (>200 myr_') sections of the neighbouring Whillans Ice 
Stream are thickening, but this is clearly bounded by the ice-stream 
shear margins, with the interstream ridges and slower-flowing upper 
drainage basins conversely thinning at up to 0.25 + 0.07 myr |. 

Assuming that these volume changes are of ice with a density of 
917kgm_°, our observations allow an independent assessment of the 
flux imbalance. For drainage sector E’E’’ as a whole (Fig. 4), the net 
change was +36 + 16Gtyr | (+39km* yr), which is substantially 
greater than estimates based on the partial radar altimetry coverage’*”’, 
but agrees with estimates from flux imbalance’*”®. 

On the Amundsen Sea coast of West Antarctica, our laser altimetry 
method resolves rapid dynamic thinning along the full length of the 
grounded ice-sheet margin feeding the Getz Ice Shelf (Fig. 3; GIS) on 
finer spatial scales than are possible using radar altimetry'’. This 
reveals thinning at the grounding line at rates of up to several metres 
per year over areas of fast flow; this thinning attenuates inland but 
more than outweighs gains on the interior of the drainage basin. The 
net volume change for sector F’G is —14 + 9km’, in agreement with 
flux-imbalance calculations'*™ (assuming losses are of ice). Here 
also, the more dynamic glaciers on offshore islands bounded by the 
Getz Ice Shelf are thinning rapidly on their lower reaches, suggesting 
that the common cause is the ocean-driven thinning of this shelf at 
2-3 myr! (ref. 27). 

Conversely, for the 400 km of coast feeding the Abbott Ice Shelf 
(AIS), whose thickness is unchanging”, the drainage basin thickened 
strongly down to the grounding line, presumably driven by recent 
anomalously high snowfall rates (Fig. 3). This is partly offset by 
dynamic thinning of adjacent Eltanin Bay (EB) glaciers, giving a 
net volume gain of +8 + 24km? yr! (loss of 8km’ yr! plus gain 
of 16 km? yr ') for sector HH’; hence, we do not find evidence for the 
large negative flux imbalance (—49 Gt yr’ ') reported previously”. 

In East Antarctica, we observe dynamic thinning on some outlets, 
particularly between 90° and 165° E (Supplementary Figs 8 and 9). 
Thinning of Totten Glacier, the highest-flux East Antarctic outlet, is 
three times greater than previously reported”. The similar behaviour 
of its smaller, independent neighbours indicates a common, regional 
and perhaps ocean-driven cause. 

With ICESat, we can view elevation change over the full Antarctic 
Peninsula for the first time (Fig. 2), and find that slow-flowing ice caps 
and divides along the Bellingshausen Sea (BS) coast are thickening at 
up to lmyr | (comparable to radar altimetry measurements of the 
neighbouring inland ice sheet for the preceding 13 yr (ref. 12)). This 
signal extends at high altitude to the peninsula’s northern tip, con- 
trasting strongly with profound dynamic thinning of collapsed-ice- 
shelf tributary glaciers flowing from the plateau to both the east and 
west coasts (see, for example, Supplementary Fig. 10). These glaciers 
are thinning at some of the highest rates recorded either in Antarctica 
or Greenland (up to tens of metres per year), and ongoing thinning is 
detectable right up to the headwalls, or well into the inland ice sheet, 
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Figure 2 | Rate of change of surface elevation for Antarctica and and 746 d for Greenland). East Antarctic data cropped to 2,500-m altitude. 
Greenland. Change measurements are median filtered (10-km radius), White dashed line (at 81.5° S) shows southern limit of radar altimetry 
spatially averaged (5-km radius) and gridded to 3 km, from intervals (At) of | measurements. Labels are for sites and drainage sectors (see text). 

at least 365 d, over the period 2003-2007 (mean At is 728 d for Antarctica 


Latitude 


Figure 3 | Rate of elevation change of coastal West Antarctica. Filtered, 
spatially averaged (10-km radius) Ah/At data (background, Radarsat 
Antarctic Mapping Project (RAMP) mosaic). We note fast thinning on the 
Amundsen Sea embayment (ASE) glaciers Pine Island (PIG), Thwaites 
(THW), Haynes (HAY), Pope (POP), Smith (SMI) and Kohler (KOH) and 
on tributaries of the thinning Getz Ice Shelf (GIS). Tributaries of the 
unchanging Abbott Ice Shelf (AIS) thickened. Profiles 1 and 2 are discussed 
in Supplementary Methods. Inset, high-resolution data over Pine Island 
O myrt ate : _ “S Glacier. Dynamic thinning is strongly concentrated on the fast-flowing 
%& 9 ae sf trunk (dark grey in background”*). Change becomes highly variable on the 
t_____4______ floating, fissured ice-shelf downstream of the year-2000 grounding line 
Longitude (outlined in white). 
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even up to 30yr after shelf collapse. Glacier tributaries feeding the 
surviving but thinning parts of the Larsen Ice Shelf (Fig. 2; LC and 
LB)’, plus the George VI Ice Shelf (G6) and the little-studied, 
southern part of the Larsen Ice Shelf (Fig. 2; LD), also thinned at rates 
of up to several metres per year. This behaviour, similar to that seen on 
Getz, Crosson and Dotson ice-shelf tributaries, demonstrates an un- 
expectedly marked dynamic response of glaciers flowing into intact 
but thinning ice shelves. 

To conclude, our simple technique for using ICESat along-track 
data to measure ice-sheet change is an effective tool for mapping 
continental and local-scale changes and can deliver two orders of 
magnitude more measurements than crossover analysis, increasing 
spatial coverage and resolution. The ICESat data constitute complete, 
consistent and directly comparable maps of elevation change for the 
entire grounded margins of the Antarctic and Greenland ice sheets, 
where rapid change is concentrated. They broadly agree with those 
from radar altimetry but show changes farther south in Antarctica, 
closer to the ice-sheet margins, on coastal ice caps and ice rises, and 
on the mountainous Antarctic Peninsula and Greenland margins. 
The high spatial resolution allows us in many places to make the 
distinction between dynamic thinning of faster-flowing ice and other 
elevation-change signals. Our independent measurements act as 
arbiter in areas where existing methods fail to agree on the magnitude 
of ice-sheet volume change: we find support for the results of flux- 
balance studies on the Siple Coast and Getz Ice Shelf areas of West 
Antarctica. 

The pattern of change now apparent across Antarctica and 
Greenland is complex, exhibiting the influence of changing precipi- 
tation, atmospheric temperature and oceanographic conditions, but 
the most profound changes clearly result from glacier dynamic 
effects. Much of the Greenland ice-sheet margin is thinning slowly 
as SMB becomes more negative, but many coastal glaciers at all 
latitudes show evidence specifically of rapid dynamic thinning as a 
result of acceleration of flow. Where strong dynamic thinning has 
begun, it has spread rapidly, deep into the ice-sheet interior and up to 


Whillans 


Kamb 


Latitude 


Longitude 


Figure 4 | Rate of elevation change on the Siple Coast, Antarctica. Filtered, 
spatially averaged (10-km radius) Ah/At data (background, RAMP 
synthetic-aperture-radar mosaic). The Kamb Ice Stream is thickening, as are 
the fast-flowing sections of the Whillans Ice Stream. Much of the Whillans 
catchment and many of the interstream ridges are thinning. Inset, location 
(red) and drainage sector E’E”’ (grey). 
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high altitudes. In Antarctica, dynamic thinning has accelerated at the 
grounding lines of the major glaciers of the Amundsen Sea embay- 
ment, and in places has penetrated to within 100 km of the ice divides. 
Ice-shelf-collapse glaciers show particularly strong thinning that has 
persisted for years to decades after collapse and in places has pene- 
trated to their headwalls. Although losses are partly offset by strong 
gains on the spine and western flank of the Antarctic Peninsula, 
numerous glaciers feeding intact Antarctic Peninsula, West 
Antarctic and East Antarctic ice shelves are also thinning dynami- 
cally. We infer that grounded glaciers and ice streams are responding 
sensitively not only to ice-shelf collapse but to shelf thinning owing to 
ocean-driven melting. This is an apparently widespread pheno- 
menon that does not require climate warming sufficient to initiate 
ice-shelf surface melt. Dynamic thinning of Greenland and Antarctic 
ice-sheet ocean margins is more sensitive, pervasive, enduring and 
important than previously realized. 


METHODS SUMMARY 


ICESat samples surface elevation over 65-m footprints every 172m along the 
satellite orbit, and closely repeats ground tracks on the Greenland and Antarctic 
ice sheets. However, technical issues limit the number of repeated tracks”, 
and they are rarely repeated precisely—most are offset by up to a few hundred 
metres. This has made height-change measurement difficult without knowledge 
of the cross-track slope’. Attention has therefore focused on measuring change at 
relatively sparse ground-track crossovers, discarding the bulk of along-track 
data. 

Our approach maximizes coverage by using the along-track data, allowing us 
to resolve ice-sheet change in greater detail. We applied our method to the entire 
grounded Greenland ice sheet and its fringing ice caps (6,700,000 measurements 
of height change rate, Ah/At), and to the grounded Antarctic ice sheet below 
2,500 m, including islands and ice caps (43,500,000 Ah/At measurements). 

We used ICESat Release 28 GLA12 data*! from between February 2003 and 
November 2007. We fitted planar surfaces to parallel tracks of point height and 
date measurements that are close in space (< 300 m) and time (< 2 yr). We then 
subtracted the height and date of later point measurements that overlap these 
interpolated surfaces, giving us Ah/At (Supplementary Figs] and2). We 
repeated this process for all possible combinations of interpolated and overlap- 
ping tracks that fit our criteria. This approach sacrifices temporal resolution to 
gain spatial coverage. We estimate the uncertainty in our spatially averaged Ah/ 
At values to be +0.07 myr | at the Ia level. 
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Ammonia oxidation kinetics determine niche 
separation of nitrifying Archaea and Bacteria 


Willm Martens-Habbena’, Paul M. Berube'+, Hidetoshi Urakawa’, José R. de la Torre't+ & David A. Stahl’ 


The discovery of ammonia oxidation by mesophilic and thermo- 
philic Crenarchaeota and the widespread distribution of these 
organisms in marine and terrestrial environments indicated an 
important role for them in the global nitrogen cycle’’. However, 
very little is known about their physiology or their contribution to 
nitrification’. Here we report oligotrophic ammonia oxidation 
kinetics and cellular characteristics of the mesophilic crenarchaeon 
‘Candidatus Nitrosopumilus maritimus’ strain SCM1. Unlike 
characterized ammonia-oxidizing bacteria, SCM1 is adapted to life 
under extreme nutrient limitation, sustaining high specific oxida- 
tion rates at ammonium concentrations found in open oceans. Its 
half-saturation constant (K,, = 133 nM total ammonium) and sub- 
strate threshold (=10nM) closely resemble kinetics of in situ 
nitrification in marine systems”’® and directly link ammonia- 
oxidizing Archaea to oligotrophic nitrification. The remarkably 
high specific affinity for reduced nitrogen (68,7001 per g cells per 
h) of SCM1 suggests that Nitrosopumilus-like ammonia-oxidizing 
Archaea could successfully compete with heterotrophic bacterio- 
plankton and phytoplankton. Together these findings support the 
hypothesis that nitrification is more prevalent in the marine nitro- 
gen cycle than accounted for in current biogeochemical models". 

Aerobic ammonia oxidation is the first, rate-limiting step of nitri- 
fication, a two-step process catalysed by ammonia-oxidizing and 
nitrite-oxidizing microorganisms. It is the only oxidative biological 
process linking reduced and oxidized pools of inorganic nitrogen in 
nature'”'’. This key process in the global nitrogen cycle was thought to 
be restricted to ammonia-oxidizing bacteria (AOB), two narrow clades 
of Beta- and Gammaproteobacteria*’’. These slow-growing, auto- 
trophic bacteria use ammonia oxidation as their sole source of energy. 
The growth rates of AOB are thus directly linked to the availability of 
ammonium and the kinetics of its oxidation’*”*. In situ rate measure- 
ments in natural marine and terrestrial environments, however, indi- 
cate that nitrification occurs almost ubiquitously, even in the most 
oligotrophic environments with ammonium levels significantly below 
the growth threshold of AOB*'t!*», raising the question whether 
these bacteria could represent the dominant ammonia-oxidizer 
assemblage in oligotrophic environments”’®'*"*. 

The demonstration of autotrophic ammonia oxidation by mesophi- 
lic and thermophilic Crenarchaeota** and the widespread distribution 
of putative archaeal ammonia monooxygenase (amo) genes in marine 
and terrestrial environments’ *** changed the perspective on nitrifica- 
tion. The isolation of ammonia-oxidizing Archaea (AOA) strains 
affiliated with Crenarchaeota clades constituting up to 39% of micro- 
bial plankton in meso- and bathypelagic oceans suggested that AOA 
could potentially play an important part in nitrification®'*'’. 
However, AOA would need to compete with AOB, organotro- 
phic bacterioplankton and perhaps even phytoplankton for ammo- 
nium''’*'®, To test this hypothesis, we determined the ammonia 


oxidation stoichiometry and kinetics in the only isolated AOA strain, 
“Candidatus Nitrosopumilus maritimus’ strain SCM1. The results 
demonstrate that ammonia oxidation by AOA could indeed sustain 
significant growth rates and standing stocks of these Crenarchaeota, 
even in nutrient-depleted natural marine and terrestrial environments. 

In ammonium-limited batch cultures, SCM1 grew exponentially 
with high rates and depleted ammonium below the detection limit of 
10nM (n= 4; Fig. 1). This ammonium concentration approaches 
values measured in oligotrophic open ocean water'’’® and is more than 
100-fold lower than the minimum concentration required for growth 
(>1 pM near neutral pH) of cultivated AOB’*"*. SCM1 attained maxi- 
mum growth rates (0.027h7'; doubling time = 26h) and activities 
(51.9 umol ammonium per mg protein per h) comparable to AOB 
strains (range 30-80 umol ammonium per mg protein per h)"* (Fig. 1, 
Supplementary Note 1). Thus, SCM1 seems particularly well adapted to 
growth at ammonium levels prevailing in nutrient-limited open oceans. 

We observed that growth of SCM1 was significantly impaired by 
agitation, compared to static batch cultures, which precluded con- 
tinuous culture experiments (Supplementary Note 1). To gain 
insight into the ammonia oxidation kinetics of SCM1, we therefore 
independently determined ammonium and oxygen uptake with 
ammonium-depleted (<10nM) cells from batch cultures (Fig. 2). 
Ammonium-depleted, early-stationary phase cells consumed very 
low amounts of oxygen (0.51 1M O, h | = 0.67 umol O, per mg 
protein per h, s.d. 0.29, n = 10). Oxygen uptake increased more than 
50-fold to maximum rates of 27.51 1M O, h7! (36.29 umol O, per 
mg protein per h, s.d. 3.35, n = 10; ~ 24.2 umol ammonium per mg 
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Figure 1| Growth of SCM1 in ammonium-limited artificial sea water batch 
culture. Cultures entered stationary phase after ammonium was depleted 
below the detection limit of 10 nM. 
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Figure 2 | Ammonia oxidation kinetics of SCM1. a, Ammonium uptake of 
early-stationary SCM1 cells on transfer to fresh medium containing 1.7 uM 
ammonium. b, Michaelis-Menten plot of ammonium uptake. 

c, Ammonium-dependent oxygen uptake of early-stationary phase SCM1 
cells. Suspensions of cells were equilibrated for ~20 min before the 


protein per h) within a few minutes of ammonium addition. 
Ammonium and oxygen were consumed with an AOB-like stoichi- 
ometry of 1:1.52 (s.d. 0.06, n= 10). Notably, late-exponential and 
early-stationary phase SCM1 cells both exhibited maximum rates of 
ammonium and oxygen uptake at as low as 2uM ammonium 
(Fig. 2b, d and Supplementary Fig. 1b). 

Ammonia oxidation by SCM1 followed Michaelis—Menten-type 
kinetics (Fig. 2b, d and Supplementary Fig. 1b). The mean apparent 
half-saturation constants (K,,) for ammonium uptake (0.132 uM 
NH;+NH,', range 0.005, n= 2, equivalent to ~3nM NHs3) and 
oxygen uptake (0.133 uM NH;+NH,", s.d. 0.038, n= 13) were 
indistinguishable. Supplementation with as little as 0.2 uM ammo- 
nium chloride triggered more than 50% of maximum oxygen uptake. 
In contrast, identical experiments with Nitrosomonas europaea and 
Nitrosococcus oceani cells showed no stimulation of activity by 0.2 uM 
ammonium. Their K,, values, determined by the same methods used 
to characterize SCM1, were in a typical range previously reported 
(Supplementary Note 2). Identical K,, values and activities of SCM1 
were observed in up to 5 cycles of substrate addition and depletion, 
up to 2mM ammonium, and even with cells from late-exponential 
cultures which had not experienced ammonium concentrations 
below 250 uM for more than 50 generations of exponential growth 
(Supplementary Fig. 1b). More frequent ammonium additions, as 
well as high ammonium concentrations (=2 mM), caused a decline 
of activity (data not shown, Supplementary Note 3). Together these 
data suggest that SCM1 has a constitutively low apparent half- 
saturation constant for ammonium. 

Previous studies have indicated that amo gene copy numbers of 
AOA significantly outnumber those of AOB in oligotrophic ocean 
gyres and unfertilized natural soils, suggesting that substrate avail- 
ability may account for the abundance patterns of AOA and 
AOB7*'°°_ A comparison of the apparent K,, value for SCM1 to 
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experiment was started by the addition of 10 uM ammonium chloride. 

d, Michaelis—Menten plot of ammonium-dependent oxygen uptake. Uptake 
rates were calculated from smoothed data (red line in c). For calculation of 
kinetic parameters, a Michaelis-Menten equation was fitted to the data. See 
Methods for experimental details and calculations. 


in situ measurements strongly supports this hypothesis (Fig. 3a). 
The K,, of SCM1 is by far the lowest half-saturation constant deter- 
mined of any ammonia-oxidizing microorganism to date; it is very 
similar to in situ nitrification measurements made in oligotrophic, 
ammonium-depleted oceanic provinces”' and is even lower than in 
natural unfertilized soils’! (Fig. 3a). Assuming Michaelis—Menten- 
type saturation kinetics, an apparent K,, of ammonia oxidation of 
~0.15 4M ammonium was estimated in the upper oxic Cariaco 
basin’ (Fig. 3a), and it was found that in the primary nitrite maxi- 
mum off the coast of California, ammonia oxidation was saturated at 
0.1 uM ammonium”. Similarly, the K,, values for nitrification in 
uncultivated soil areas were significantly lower than the K,, of known 
AOB*!. To account for these in situ nitrification measurements, 
organisms with Nitrosopumilus-like kinetics must vastly outnumber 
organisms typified by AOB. In contrast, a kinetic response consistent 
with the activity of known AOB becomes prevalent only in coastal 
environments and soils with higher nutrient levels*'’? (Fig. 3a). 
Nonetheless, even in nutrient-poor marine environments, organic- 
matter-rich particles provide niches for nitrifiers with probably sig- 
nificantly different kinetic properties****—for example, members of 
the Nitrosomonas eutropha lineage**. However, significant ammo- 
nium is lost to the surrounding water during particle-associated 
mineralization’, and these AOB lineages occur in very low numbers 
in oligotrophic open ocean gyres””’. Although it remains unknown if 
as-yet uncultured AOB lineages (for example, members of the marine 
Nitrosospira cluster 1 (ref. 25) or novel, unidentified organisms) 
participate in oligotrophic nitrification, these data suggest that 
Nitrosopumilus-related AOA indeed are predominantly responsible 
for the observed nitrification in oligotrophic environments. 

Using the specific affinity?°’” (a°) for ammonium as a basis for 
comparison, the kinetic characteristics of SCM1 further suggest that 
Nitrosopumilus-related AOA might successfully compete with other 
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Figure 3 | High-affinity ammonia oxidation by AOA dominates in 
oligotrophic environments. a, Apparent K,, of SCM1 (red), the AOB strains 
Nitrosococcus oceani, Nitrosospira spp. cluster 0, 2 and 3, Nitrosomonas 
oligotropha, Nitrosomonas europaea, Nitrosomonas communis, 
Nitrosomonas eutropha (green), in situ nitrification in ocean water (blue) 
and soils (brown), as well as the lowest K,, for ammonium assimilation of 
diatoms and heterotrophic bacteria (grey). K,, values are given for activity 


marine phototrophs and chemotrophs for ammonium, the preferred 
inorganic nitrogen source for assimilation” (Fig. 3b) . The specific 
affinity of SCM1 (68,7001 per g wet weight per h) is among the 
highest affinities reported for microbial substrates (Fig. 3b). It 
exceeds that of AOB by more than 200-fold and is still 30-fold higher 
than of the oligotrophic diatom, Thalassiosira pseudonana”. Although 
limited data are available for the specific ammonium affinity of marine 
heterotrophs, it is unlikely that ammonium-assimilating organisms 
possess higher specific ammonium affinities than Nitrosopumilus. 
The highest specific affinity reported for an oligotrophic heterotroph 
for its carbon and energy source (120,0001 per g wet weight per h, 

Cycloclasticus oligotrophus)**”’ is only twofold higher than the ammo- 
nium affinity of SCM1 (Fig. 3b). If ammonium served as the sole 
source of nitrogen (C:N ratio of 5:1, 50% of carbon substrate assimi- 
lated into biomass)”’ and the K,, for ammonium was comparable to 
the carbon source, the specific ammonium affinity of C. oligotrophus- 
like heterotrophs would still be >5 times lower (~ 12,0001 per g wet 
weight per h) than that of SCM1. The highest reported ammonium 
affinities of marine heterotrophs (for example, marine Vibrio strains) 
are in fact significantly lower (Fig. 3b). Hence, we predict that, in direct 
nutrient-limited competition, the ammonium turnover per unit bio- 
mass of Nitrosopumilus-like AOA would be at least 5 times higher than 
of oligotrophic heterotrophs, and more than 30 times higher than of 
the most oligotrophic diatoms known so far. These data suggest that 
Nitrosopumilus-like AOA not only out-compete AOB under limiting 
ammonium concentrations, but may well compete effectively with 
heterotrophs and phytoplankton, especially in deeper water layers. 

A previously unrecognized competition for ammonium by AOA is 
entirely consistent with a recent synopsis of global oceanic nitrifica- 
tion rates which suggested that up to 50% of the nitrite and nitrate 
assimilated by phytoplankton is generated from ammonium by nitri- 
fication near the water surface, rather than transported from deeper 
water layers'’. Our results strongly indicate that Nitrosopumilus-like 
AOA supply the oxidized nitrogen, offering an ecophysiological 
explanation for the conspicuously high nitrification rates in nutri- 
ent-poor oceanic regions”’®!*”* as well as the high nitrite/nitrate 
assimilation rates of heterotrophs and phototrophs”. Although the 
true maintenance energy demand of SCM1 cells remains to be deter- 
mined, the low endogenous respiration rates of SCM1 (1.8% of 
maximum metabolic activity) may be suggestive of a small mainte- 
nance requirement. The growth threshold concentration of SCM1 
could thus be as low as 10-20 nM ammonium, suggesting a strong 
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measurements (circles) and growth (diamonds). b, Specific affinitiy (a°) of 
SCM1 (red), bacterial ammonia oxidizers (green), as well as the highest 
values for ammonium-assimilating diatoms, and heterotrophic bacteria 
(grey). The highest reported specific affinity of an organotrophic organism 
(Cycloclasticus oligotrophus, open bar) for its carbon substrate is shown for 
comparison. See Methods for calculations and references. 


competition by Nitrosopumilus-like AOA even in nutrient-poor 
meso- and bathypelagic waters. 

Despite the isolation of strain SCM1 from the gravel of a marine 

aquarium and not directly from natural sea water, the kinetic and cel- 
lular characteristics of strain SCM1 presented here are unequivocal 
evidence for the existence of oligotrophic ammonia oxidizers among 
the Crenarchaeota and their ability to compete for ammonium as energy 
source in nutrient-deprived oligotrophic oceans. Notably, similar 
growth rates, cell yields or low residual ammonium concentrations have 
also been reported in the thermophilic enrichment cultures ‘Candidatus 
Nitrosocaldus yellowstonii’ and ‘Candidatus Nitrososphaera gargen- 
sis*®. Moreover, it has been reported? that even CO, fixation in 
“Candidatus Nitrososphaera gargensis’ was inhibited by ammonium 
concentrations similar to those that inhibited SCM1, supporting a wide- 
spread distribution of oligotrophic ammonia oxidation within the 
Crenarchaeota. 

Substrate availability is unlikely to be the only factor determining 
the abundance and distribution of AOA and AOB and the ecological 
niches of these organisms’*'°”°. For example, if AOA may indeed 
compete with phototrophs and thus be responsible for the detected 
nitrification rates in euphotic surface water'®"', specialized ecotypes or 
AOA in general should be considerably more light tolerant than previ- 
ously investigated AOB strains’’. As recognized AOA now span con- 
siderable diversity within the Crenarchaeota’**, we also anticipate 
that significant physiological diversity will ultimately be revealed 
among its members. For example, analysis of the SCM1 genome 
sequence revealed several putative ABC-type transporter systems for 
organic carbon acquisition (C. B. Walker et al., unpublished results), 
consistent with previous findings of organic matter assimilation by 
marine Crenarchaeota in situ'**°. If the marine Crenarchaeota also 
harbour lineages of obligate organotrophs as suggested'®'*”°, these 
organisms seem to be competitive only in permanently nutrient- 
deprived deep ocean provinces with ammonium concentrations 
significantly below 10nM. Although the genome sequence has 
revealed two Amt-type ammonium transporters (C. B. Walker et al., 
unpublished results) that could have unusually high affinity for 
ammonia, the mechanistic basis for the unprecedented capacity for 
ammonium acquisition and the biochemical pathway for its oxidation 
remain unknown. Nonetheless, this novel metabolism probably 
rendered mesophilic ammonia-oxidizing Crenarchaeota one of the 
dominant microbial clades in the ocean, with fundamental impact 
on the global biogeochemical cycles of nitrogen and carbon'**. 
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METHODS SUMMARY 


All experiments with ‘Candidatus Nitrosopumilus maritimus’ strain SCM1 were 
carried out in HEPES-buffered synthetic Crenarchaeota medium (SCM, 32%o 
salinity, pH 7.5, 1mM NH,Cl). Nitrosomonas europaea strain ATCC 19718 was 
grown in basal mineral medium (pH 7.8, 0.0003% phenol red, 10 mM NH,(Cl). 
Nitrosococcus oceani strain ATCC 19707 was cultured in HEPES-buffered SCM 
medium (10 mM NH, C1). All strains were maintained at 30 °C in the dark. Nitrite 
and ammonium were determined spectrophotometrically and fluorometrically, 
respectively. Cells were counted by epi-fluorescence microscopy after SybrGreen I 
staining. Protein was quantified using the Nano Orange kit (Invitrogen). Oxygen 
uptake was monitored using Clark-type oxygen microsensors in 2-ml respiration 
chambers in a modified micro-respirometry system (Unisense AS) at 30°C ina 
thermostatted water bath. Ammonium uptake activity was examined in static 5-1 
batches inoculated with early-stationary phase cells. Kinetic constants were 
obtained by fitting a Michaelis-Menten equation to oxygen and ammonium 
uptake rates using the equation: 


V=(Vinax X [S]) X (Km + [S])7! 


Here V is velocity, Vinax is maximum velocity (11M h-!), Km is half-saturation 
constant for ammonium oxidation (uM), and [S] is concentration ofammonium 
(uM). Specific affinities were calculated from kinetic constants of SCM1 and 
literature data of AOB, diatoms and heterotrophic bacteria using the equation: 


@ = View X Kea 


Here a’ is specific affinity (1 per g wet cells per h), Vinax is maximum velocity 
(g substrate per g wet cells per h) and K,, is half-saturation constant (in g 
substrate)?”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Strain cultivation and maintenance. Cultures of ‘Candidatus Nitrosopumilus 
maritimus’ strain SCM1 were maintained and all physiological experiments were 
carried out in synthetic Crenarchaeota medium (SCM) as described earlier* with 
the following modifications: all necessary glassware used for media preparation 
or cultivation was solely used for this purpose and carefully acid washed (1% 
HCl) and rinsed with MilliQ water (>18.2 MQ resistance) before use. The basal 
artificial sea water was autoclaved, cooled to room temperature, and supplemented 
with the following sterile stock solutions (per litre): 10 ml HEPES (1 M HEPES, 
0.6 M NaOH, pH 7.8), 2 ml sodium bicarbonate (1M), 5 ml KH2PO4 (0.4g1"'), 
1 ml FeNaEDTA (7.5mM), 1 ml modified non-chelated trace element solution. 
The trace element solution contained (per litre) 8 ml conc. HCl (~12.5 M), 30 mg 
H;BO3, 100mg MnCl,°4H,O, 190 mg CoCl,"6H,0, 24mg NiCl,*6H,0, 2 mg 
CuCl,*2H,O, 144mg ZnSO,°7H,O, 36 mg Na,MoO,'2H,0. The medium was 
finally supplemented with 0.5 to 1 ml of NH,Cl (1 M). The final pH of this medium 
at 30°C was ~7.5. Strain SCM1 did not grow if directly transferred from solely 
bicarbonate-buffered medium’ to HEPES-buffered medium. However, no differ- 
ence in growth rates between both media was observed if the HEPES concentration 
was incrementally increased to 10 mM during exponential growth over three con- 
secutive transfers. Cultures were subsequently maintained in HEPES-buffered 
SCM medium at 25 °C or 30°C in the dark and transferred (0.1 to 1% inoculum 
size) to fresh medium when ~2/3 of the ammonium was oxidized. Shaking and 
stirring were avoided. Purity of the culture was monitored by phase contrast 
microscopy and by quantitative real-time PCR (qPCR) of bacterial 16S rRNA 
genes and amoA genes (see below). Contaminations were neither detected by 
quantitative PCR, nor by phase contrast microscopy of 10 pl samples of 200-fold 
concentrated suspensions of late exponential SCM1 cultures. 

Nitrosomonas europaea strain ATCC 19718 was grown in liquid medium 
supplemented with phenol red as pH indicator (0.0003% final concentration) 
as described elsewhere*’. Nitrosococcus oceani strain ATCC 19707 was grown in 
HEPES-buffered SCM medium as described above containing 10 mM NH,Cl. 
Both strains were cultured at 30°C on a rotary shaker (150 r.p.m.). 

qPCR assays were carried out on a LightCycler System (Roche Applied 
Science) using the LightCycler FastStart DNA Master SYBR Green I kit 
(Roche) with the following reaction chemistry: 1 ul of LightCycler FastStart 
DNA master mix, 3.5mM MgCl, 0.5 uM each primer and 0.01-1 ng of DNA 
template in a final volume of 10 pl. Bacterial 16S rRNA gene abundance was 
quantified using the GM3 and EUB338 primer set’ with the following real-time 
PCR amplification protocol: initial denaturation at 95 °C for 5 min; followed by 
55 cycles of 95 °C for 10s, 55 °C for 10s, and 72 °C for 20s, and a melting curve 
analysis (60 °C to 95 °C) with a heating rate of 0.1°Cs _'. Bacterial amoA genes 
were quantified using the same reaction chemistry with the bacterial amoA 
primer set*’ and the following PCR conditions: initial denaturation 95°C for 
5 min; 55 cycles of 95 °C for 7s, 55 °C for 20s and 72 °C for 20s and a detection 
step at 78 °C for 7 s, followed by a melting curve analysis (65 °C to 95 °C) witha 
heating rate of 0.1°Cs_ '. The standard curves for both bacterial 16S rRNA genes 
and amoA genes were generated using N. europaea genomic DNA in a dilution 
series of 10'-10° copies per reaction. Data were analysed with the second deriva- 
tive maximum method using the Light Cycler Software (ver. 3.5.3). 

Nutrient measurements, cell counts, and protein quantification. Nitrite was 
determined spectrophotometrically”. Ammonium was determined by fluor- 
escence measurement after o-phthaldialdehyde derivatization in a Triology 
Laboratory fluorometer (Turner Designs) or a fluorescence microplate reader 
(Tecan Inc.)**. Detection limits were 5—10nM, and 100 nM, respectively. Cell 
counts were performed on the day of sampling by epi-fluorescence microscopy 
after SybrGreen I staining as described elsewhere. Protein content of mid- and 
late-exponential cultures was quantified using the Nano Orange kit (Invitrogen) 
according to manufacturer’s instructions after cells were collected by centrifu- 
gation in Centricon YM-100 units (Amicon Inc.) and rinsed with MilliQ water to 
remove salt. 

Activity measurements. Oxygen uptake was measured in a micro-respiration 
system (Unisense AS) equipped with 2-ml glass micro-respiration chambers, 
glass-coated stir bars, Clark-type OX-MR oxygen microsensors, PA 2000 
picoammeter, and MicOx 2.6 data acquisition software. Oxygen microsensors 
were polarized continuously for >7 days before use. Oxygen uptake of the 
employed sensors was insignificant (below 1 nM d~')*° and 90% response time 
was <10s (Supplementary Fig. 3a). To reduce electronic noise and interference 
from other laboratory and computer equipment, all electrical components were 
powered by a stabilized power source and the data transmission from AD- 
converter to PC computer was shielded using an USB port optical isolator 
(Black Box). All measurements were done in a re-circulated water bath at 
30°C (AT<0.1°C) and 100r.p.m. stirring. Initial kinetic measurements with 
cells from late-exponential cultures of N. europaea and N. oceani collected by 
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centrifugation or filtration as described previously’’** were performed to test the 


set-up (Supplementary Note 2, Supplementary Fig. 2). Cells of SCM1 lost more 
than 90% of activity through a similar centrifugation or filtration treatment. 
Activity measurements with late-exponential or early-stationary phase cells were 
therefore carried out as follows: ammonia oxidation and nitrite production of 
SCM1 cultures was monitored daily. Depletion of substrate was predictable 
within two to four hours. Aliquots of 20-30 ml were removed from cultures 
either within a few hours before (late-exponential) or up to 12h after ammo- 
nium depletion (early-stationary phase) and immediately transferred to pre- 
warmed 40-ml glass vials in a 30°C water bath. Sub-samples were then filled 
into 2-ml micro-respiration vessels with several volumes of overflow, carefully 
sealed with glass lids, and immediately immersed in the water bath. Oxygen 
uptake was monitored continuously after an initial equilibration of at least 
10 min. Ammonium or nitrite was added as necessary from concentrated stock 
solutions in basal SCM salts by means of a Hamilton syringe. 

Ammonium uptake activity was determined in static 5-1 batches of fresh, pre- 
warmed SCM medium with given ammonium concentrations at 30 °C inocu- 
lated with early-stationary phase cells. Sub-samples (80 ml) were withdrawn and 
immediately assayed for residual ammonium concentration as described above. 
Calculation of kinetic constants and specific affinities. Kinetic characteristics 
of SCM1 were estimated from multiple individual oxygen traces. High- 
frequency noise was removed using the ‘Smooth 2D data’ function implemented 
in Sigma Plot 8.0 (SPSS Inc.). Ammonium concentrations were calculated from 
oxygen uptake according to the ratio of ammonia oxidation to oxygen uptake of 
1:1.5. Michaelis—Menten plots of oxygen uptake and ammonium uptake rates by 
SCM1 versus total ammonium concentration were then obtained by fitting a 
Michaelis—Menten kinetic to the data. Kinetic data of AOB, diatoms, organo- 
trophic microorganisms, soil and ocean water were compiled from refs 9, 13, 21, 
26, 27, 29 and 37-50. If only NH,* or NH; concentrations were given by the 
authors, the corresponding values were calculated based on given salinity, tem- 
perature and pH and the respective stoichiometric dissociation constants of NH; 
and NH, given in ref. 51. For the estimation of specific affinities ( a’; ref. 27), we 
calculated growth rates, 4 (h_'), metabolic coefficients, q (g substrate per g wet 
cells per h), and cell yields, Y (g wet cells per g substrate), as described*°””°. If 
necessary, the following conversion factors were used: 3 g wet weight per g dry 
weight, 5.7 g wet weight per g protein (ref. 27), and 0.55 g carbon per g dry weight 
(refs 52, 53). 
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Cheater-resistance is not futile 


Anupama Khare’, Lorenzo A. Santorelli’”, Joan E. Strassmann’, David C. Queller?, Adam Kuspa’”” 


& Gad Shaulsky’” 


Cooperative social systems are susceptible to cheating by individ- 
uals that reap the benefits of cooperation without incurring the 
costs’. There are various theoretical mechanisms for the repres- 
sion of cheating” and many have been tested experimentally. One 
possibility that has not been tested rigorously is the evolution of 
mutations that confer resistance to cheating. Here we show that 
the presence of a cheater in a population of randomly mutated 
social amoebae can select for cheater-resistance. Furthermore, we 
show that this cheater-resistance can be a noble strategy because 
the resister strain does not necessarily exploit other strains. Thus, 
the evolution of resisters may be instrumental in preserving coop- 
erative behaviour in the face of cheating. 

Dictyostelium cells propagate as unicellular amoebae in the soil. 
Upon starvation, they aggregate into multicellular structures and dif- 
ferentiate into viable spores and dead stalk cells’. Stalk-cell differenti- 
ation supports spore maturation and dispersal, but this altruistic 
behaviour can be exploited by cheaters that make more than their fair 
share of spores in chimaeric fruiting bodies*. The genetic potential 
for cheating is high’ and cheaters abound in nature*, but cheating 
behaviour can be restrained by various mechanisms, such as intrinsic 
lower fitness of the cheater’, pleiotropy of the cheater gene’, high genetic 
relatedness in natural populations’, and kin discrimination””®. 

Evolution of cheating-resistance is another mechanism that could 
restrict the spread of a specific cheater allele in the population and it 
could be manifested in several ways. One way is the evolution of other 
cheaters, but such a mechanism could lead to an arms-race of cheat- 
ing strategies that would contribute to the rapid demise of coopera- 
tion. We therefore tested whether selection for cheating-resistance in 
Dictyostelium could yield mutants that resist cheating while remain- 
ing cooperative. Our strategy was to mix a population of mutated 
cells derived from the wild-type AX4 with a cheater strain, allow them 
to grow and develop into chimaeric fruiting bodies, and select spores. 
Under these conditions, the cheater would exploit most of the cells in 
the mutant population, thus increasing the proportion of any chea- 
ter-resistant mutants. We chose a strong cheater mutant, LASS (ref. 
5) (which we renamed cheater C, chtC) as the selector. This mutant 
strain has a plasmid insertion in the DDB_G0290959 gene, which is 
predicted to encode a protein with a signal peptide anchor and a 
transmembrane domain at the amino terminus. We generated a 
population of 1,000 strains in the wild-type background, each con- 
taining one insertional mutation that also conferred resistance to the 
antibiotic blasticidin S (BSR). We mixed chtC (which is sensitive to 
blasticidin S) with the mutant population at a ratio of 4:1 and allowed 
the cells to develop into chimaeric fruiting bodies. We germinated the 
spores and allowed the amoebae to grow in the presence of blasticidin 
S, thus eliminating the chtC cells. We then mixed the enriched mutant 
population with fresh chtC cells and developed them again, to main- 
tain similar levels of selection in six such cycles of selection (Fig. 1a). 
We predicted that most of the mutant strains in the population would 
be cheated upon by chtC, eventually leading to their disappearance, 


and to the enrichment of any cheater-resistant strains that were pre- 
sent in the pool. We carried out this selection on several independent 
pools of mutants. 

To test the population dynamics during the screen, we assessed 
population complexity of the mutant pool by Southern blot analysis 
of total genomic DNA, with a probe against the BSR marker. The 
initial population contained numerous strains, each giving a different 
banding pattern, which resulted in a smeared signal on the Southern 
blot (Fig. 1b). As the selection proceeded, the levels of various 
mutants fluctuated, as shown by the appearance and disappearance 
of bands on the blot. However, by the fourth cycle of selection, the 
population became enriched predominantly with a single mutant, 
suggesting that the presence of the cheater selected for a specific 
strain, which we predicted to be cheater-resistant. We isolated the 
enriched mutant and found an insertion in DDB_G0271758, a gene 
that has not been annotated in Dictyostelium discoideum and has no 
annotated homologues in other organisms. We then interrogated the 
above Southern blot with a probe against DDB_G0271758 and found 
that the wild-type allele disappeared from the population, whereas 
the mutant allele became abundant as the selection progressed 
(Fig. 1c). We also used quantitative PCR (qPCR) to quantify the 
progressive enrichment of the mutant allele during the selective pro- 
cess and observed a 100-fold increase in the allele abundance by the 
sixth selection cycle (Fig. 1d). 

To verify that the insertion in DDB_G0271758 caused the observed 
phenotype, we regenerated the insertion in fresh wild-type cells, and 
named the resulting mutant and the mutated gene rccA (resister of 
chtC A). Both growth and development of the rccA mutant were 
indistinguishable from the wild-type AX4, suggesting that the rccA 
mutation did not confer obvious fitness costs. We then carried out 
direct cheating assays. We mixed either wild-type or rccA mutant cells 
at a 1:1 ratio with chtC and determined the proportion of spores 
formed by each strain. When mixed with chtC cells, the recA mutant 
formed almost 50% of the spores. This proportion was significantly 
higher than the number of spores formed by AX4 in a mix with chtC 
cells (Fig. 2a), but not significantly lower than the hypothesized value 
of 50% (one-sample one-tailed t-test, P= 0.28). This observation 
supports the hypothesis that the rccA mutant can resist cheating by 
chtC. We also tested whether rccA was a specific resister of chtC or a 
resister of other cheaters as well, by performing similar mixes with 
LAS1, another facultative cheater that was isolated from the screen 
that yielded chtC’. We found that rccA did not resist cheating by LAS1 
(Fig. 2a), indicating that rccA is unable to resist all cheaters. 
Therefore, it is likely that the ability to resist cheating will depend 
on the cheating mechanism of the specific cheater. 

Cheating-resistance might be due to counter-cheating, such that 
the presence of a specific cheater would select for equivalent or even 
stronger cheaters. An alternative would be that cheater-resisters 
would be neutral, or noble, so they would not cheat on strains 
victimized by the original cheater. To distinguish between these 
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Figure 1| The presence of a cheater selects for cheater-resistance. 

a, Selection: we mixed chtC with mutant populations, grew and developed 
the mixtures, collected spores and then eliminated chtC, for six selection 
cycles. b, Southern blot analysis of DNA from the population at each cycle, 
probed against the insertional plasmid. Decreased population complexity is 
reflected by progressively simpler banding patterns. kb, kilobases. c, The 
same Southern blot as in b interrogated with a probe against rccA. The lower 
band (wild-type allele) disappeared during the selection, whereas the higher 
band (insertion allele) became enriched. d, qPCR on DNA from each 
selection cycle to determine the levels of the rccA insertion allele. Results 
(means = s.d. of three technical measurements) are depicted as the fold 
change relative to cycle 0. 


possibilities, we developed either AX4 or rccA cells in 1:1 chimaerae 
with green fluorescent protein (GFP)-labelled AX4 (AX4—GFP) cells 
and tested the proportion of the green-fluorescent spores in the 
population. The results support the latter alternative—the rccA 
mutant formed a similar number of spores as the AX4 control in 
1:1 chimaerae with AX4—GFP (Fig. 2a), indicating that rccA is not a 
cheater. 

Although rccA resists cheating by chtC in a 1:1 mix, it is more likely 
to exist in mixtures that include both cheaters and victims. To test the 
behaviour of rccA under such conditions, we carried out a three-way 
mix between AX4—GFP, chtC and rccA at a 1:1:1 ratio, and deter- 
mined the proportion of spores formed by each strain. The simplest 
prediction, on the basis of the respective pairwise mixes, was that rccA 
would remain unchanged in the population, whereas chtC would 
increase its proportion at the expense of the wild type. 
Surprisingly, we observed that both the wild type and rccA formed 
more spores than predicted (marginally significant) and chtC formed 
significantly fewer spores than predicted (Fig. 2b). This finding sug- 
gests that the presence of rccA may help to reduce the cheating of chtC 
on the wild type and might further contribute to restricting the 
spread of chtC. 
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Figure 2 | rccA is a noble, specific cheater-resister. a, We determined the 
proportion of AX4 or rccA spores, when mixed individually with AX4—GFP, 
chtC or LAS1, as indicated. The results are means + s.e.m. The number of 
independent replications (n) and the P values for a Student’s t-test on 
arcsine square-root transformed data are shown. rccA was significantly 
different from AX4 only when mixed with chtC. b, We mixed AX4—GFP, 
chtC and rccA and determined the proportion of spores formed by each 
strain. The predictions are on the basis of the respective pairwise mixes. The 
observations are means + s.e.m. of five independent experiments. All strains 
formed significantly different numbers of spores compared to the 
predictions. The P values for a one-sample two-sided t-test on arcsine 
square-root transformed data are shown. 


Altogether, we carried out the selection for cheater-resistant 
strains (as described earlier and shown in Fig. la) separately on a 
total of seven different pools of mutants that were generated by 
independent mutagenesis experiments. In each of these pools, one 
or two mutants became enriched at different cycles during the selec- 
tion (data not shown). From these pools, we obtained six mutants 
(other than rccA), which we named rccI—6. All the mutants were 
resistant to chtC when mixed at a 1:1 ratio (Fig. 3), suggesting that 
selection for cheater-resistance is a common occurrence when a chea- 
ter is present in a population. Unlike rccA, one of the mutants (rcc2) 
significantly cheated on chtC, and two others (rccl and rcc4) were 
close to significance. Notably, when we re-created these insertions in 
fresh wild-type cells, the new strains did not resist cheating by chtC, 
This finding indicates that the cheater-resistance of the original 
mutants was dependent on a genetic event other than the insertion, 
suggesting that spontaneous mutations that arose in the population 
contributed to cheating-resistance. These mutants retained their 
cheater-resistance phenotype in several experimental replications, 
suggesting that the underlying mutations were stable. We also tested 
the six original mutant strains against the wild-type AX4 and found 
that one was a cheater and five were noble (data not shown). 

Cheater mutants can be either obligate, such that they cannot 
cooperate among themselves, or facultative, such that they cooperate 
among themselves, but cheat other strains. Experiments in the bac- 
terium Myxococcus xanthus have shown that mutations that restore 
cooperation in an obligate cheater genotype can be selected for, and 
these mutations might also confer cheater-resistance against the 
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Figure 3 | Cheater-resistance is a general phenomenon. All of the 
independently derived mutants (rccI—rcc6) formed more spores than AX4 
when mixed at a 1:1 ratio with chtC (Student’s t-test on arcsine square-root 
transformed data, P < 0.005). Results (percentage mutant spores recovered) 
are shown as means + s.e.m. The rcc2 strain made more spores than chtC, 
and the other strains were not significantly different from the hypothesized 
value of 50%. The number of independent replications (1) and the P values 
for a one-sample two-sided t-test on arcsine square-root transformed data 
are shown. 


parental cheater strain''. Our experiments demonstrate that the 
introduction of a facultative cheater into a population can directly 
select for cheater-resistance behaviour in other strains. Thus, cheater- 
resistance may be an important mechanism of cheater control and 
might provoke molecular arms-races, similar to those seen in host— 
pathogen interactions'*. More importantly, the resistant strains can 
be noble strains that do not cheat, suggesting that such selection 
could yield strategies that allow cheater-resistance while preserving 
cooperation. 

Cheater resistance in animals takes forms such as policing’, pun- 
ishment' and partner choice", which are hard to study at the level of 
individual genes, but it has been largely neglected in microbial sys- 
tems, where cheating is easily studied at the genetic level’*'*. This 
could be because cheating in many microbial social systems takes a 
passive form of declining to produce and secrete public goods, and it 
is difficult to resist such cheating without converting the cheaters 
back to being producers. The active cheating in social amoebae is 
more similar to animal sociality, and is therefore a good model 
system for exploring the complex evolutionary dynamics of genes 
affecting cooperation, cheating, and cheater-resistance. 


METHODS SUMMARY 

Strains, cell growth and transformation. We generated all of the mutations in 
the laboratory wild-type AX4 strain’’. AX4—GFP’ was used for mixes. The chtC 
mutant has the same insertion site as LASS (ref. 5), with the pLPBLP plasmid” 
replacing pBSRI, and the BSR cassette removed by transformation with the 
pDEX-NLS-Cre plasmid”. We grew cells and carried out plasmid transforma- 
tion essentially as described’®. 

Mutagenesis, selection and identification of the mutated gene. We performed 
restriction enzyme-mediated integration (REMI) mutagenesis, and pooled 1,000 
mutants*'. We mixed spores from the pool and from chtC at a ratio of 1:4, grew 
and developed the mixture, collected genomic DNA and selected spores’. We 
then germinated the spores, and eliminated chtC. The selection cycle was 
repeated with the mutant pool and a fresh culture of chtC. This was done 
individually on seven independent pools of mutants. We carried out plasmid 
rescue as described”. 

Nucleic acid analysis. We prepared genomic DNA as described” and performed 
Southern blot analysis by standard methods™. We used linearized pBSR1 (ref. 
21) as a probe for the BSR cassette, and a PCR fragment for the rccA gene”. We 
performed quantitative PCR as described’® using primers for the recA mutant 
allele and the unrelated DDB_G0276785 gene for normalization. 

Mixing experiments. We grew cells separately and developed mixtures, essen- 
tially as described'®. We collected spores and counted them as described for the 
GFP-labelled strains’®. For the mix between LAS1 and rccA, we plated out the 
spores, transferred cells from individual plaques into HL5 liquid medium in 96- 
well plates, prepared genomic DNA, and tested for the mutant LAS] and recA 
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alleles by PCR. For the other mixes, we grew cells in HLS containing blasticidin S 
in 96-well plates as described earlier, and scored for drug-resistance. In the three- 
way mix experiment, we scored AX4—GFP on the basis of fluorescence, and recA 
on the basis of drug-resistance. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Strains. We generated all of the mutations in the laboratory wild-type AX4 
strain’’. The AX4—GFP strain’ was used for mixing experiments. The chtC 
mutant has the same insertion site as LAS5 (ref. 5). We cloned the region of 
homology from the original rescue plasmid pLASS, and inserted it into the ClaI 
restriction endonuclease site of pLPBLP”’. We used the resulting vector to re- 
create the insertion in AX4 by homologous recombination. We then generated 
the chtC mutant by transforming the cells with the pDEX-NLS-Cre plasmid” to 
remove the BSR cassette. 

Cell growth and transformation. We grew cells in shaking suspension in HL5 
liquid broth with the necessary supplements, or on SM-agar plates in associa- 
tion with Klebsiella aerogenes'®. Plasmid transformation was carried out as 
described", with the following modifications: cells were resuspended at a final 
density of 3 X 10’ cells ml! before transformation, electroporated twice, and 
the transformants were recovered in HL5 with 10% FBS for 24h before the 
addition of either blasticidin S (10 ug ml™ 1) or G418 (5 lig ml-!). 
Mutagenesis, selection and identification of the mutated gene. We performed 
REMI mutagenesis, pooled 1,000 mutants, and plated the pool on SM-agar plates 
as described*'. We grew the chtC mutant on SM-agar plates in association with 
bacteria. We collected spores from the pool and from chtC as described*', mixed 
them at a ratio of 1:4, and plated a total of 2 X 10° spores on each of two SM-agar 
plates in association with bacteria. We collected cells to prepare genomic DNA 
from one of the plates after 44-48 h. We selected spores from the second plate 
after 4 days, germinated them, and grew the amoebae in submerged cultures in 
HL5 with 10 pg ml blasticidin S$ to eliminate chtC. The mutant pool, and a fresh 
culture of chtC were then grown separately in suspension culture, mixed and 
plated on SM plates as above to repeat the selection cycle. This was done indi- 
vidually on seven pools of mutants generated by independent REMI mutagenesis 
experiments. We carried out plasmid rescue using Clal to obtain the plasmid 
pRccA and identified the insertion site by sequencing the flanking regions”. The 
gene names in the manuscript (DDB_G0290959 and DDB_G0271758) refer to the 
accession numbers in dictyBase (http://dictybase.org). 
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Nucleic acid analysis. We prepared genomic DNA as described” and performed 
Southern blot analysis by standard methods”. The blots were hybridized with 
radioactive DNA probes made by random-primer labelling”. We used linearized 
pBSRI (ref. 21) as a probe for the BSR cassette, and a PCR fragment as a probe for 
the recA gene (primers: 5’-TCGTTGTCATCTTGGTTTG-3’ and 5'-GATTT 
CAGTTTACCCACCG-3’). We performed qPCR as described” using primers 
for the rccA mutant allele: 5'’-TGCTGAAAATGTATTACCACC-3’ and 5'- 
ATTTAGGTGACACTATAG-3’ and primers for the unrelated DDB_G0276785 
gene to normalize for the amount of genomic DNA: 5’-TGATTGCCAA 
TGGATCATC-3’ and 5'-ATAGTTTACTTCTACCAACATTAGG-3’. 

Mixing experiments. For mixing experiments, we grew the cells separately and 
mixed them before development on nitrocellulose filters. We developed cells as 
described"’ with the following modifications: cells were washed with KK2 buffer 
(16.3mM KH>PO,, 3.7mM K,HPO,, pH6.2), resuspended at a density of 
1 X 10% cells ml~', and 5 X 10’ cells were deposited per filter. We collected all 
the spores (after 36-48 h), and in the case of GFP-labelled strains, we counted 
them as described’”. For all of the other mixes (except that between LAS] and 
rccA), we plated out the spores clonally on SM-agar plates in association with K. 
aerogenes, transferred cells from individual plaques into HL5 containing 
101g ml! blasticidin S in 96-well plates, and scored for drug-resistance. For 
each mix, we counted spores from either one or two 96-well plates (96- 
192 spores). In the three-way mix experiment, we scored AX4—GFP spores based 
on fluorescence, and rccA spores based on blasticidin S resistance. For the mix 
between LAS1 and rccA, we grew cells in 96-well plates as above. We prepared 
genomic DNA from the cells in these wells by washing the cells once with water, 
lysing them by incubation in lysis buffer (67.7 mM Tris-HCl, pH 8.9, 16.6 mM 
(NH4)2SO,, 2mM MgCl, 10mM dithiothreitol (DTT), 0.5% glycerol, 
0.5% Tween 20, 0.5% NP40, 50 pg ml! proteinase K) at 56 °C for 45 min, and 
then inactivating the proteinase K by incubating at 95 °C for 10 min. We tested 
for the presence of both the mutant LAS 1 allele and the mutant rccA allele by PCR 
(LAS1 primers: 5’-TAATACGACTCACTATAGGG-3’ and 5’-GTAGAAATTG 
TAACATTACAGG-3’, and recA primers: 5’-ATTTAGGTGACACTATAG-3’ 
and 5’-CACTAATAACTGAAAATCAACTACC-3’). 
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An anatomical signature for literacy 


Manuel Carreiras’”**, Mohamed L. Seghier”, Silvia Baquero’, Adelina Estévez’, Alfonso Lozano®, Joseph T. Devlin’ 


& Cathy J. Price? 


Language is a uniquely human ability that evolved at some point in 
the roughly 6,000,000 years since human and chimpanzee lines 
diverged'”. Even in the most linguistically impoverished environ- 
ments, children naturally develop sophisticated language 
systems’. In contrast, reading is a learnt skill that does not develop 
without intensive tuition and practice. Learning to read is likely to 
involve ontogenic structural brain changes**, but these are nearly 
impossible to isolate in children owing to concurrent biological, 
environmental and social maturational changes. In Colombia, 
guerrillas are re-integrating into mainstream society and learning 
to read for the first time as adults. This presents a unique oppor- 
tunity to investigate how literacy changes the brain, without the 
maturational complications present in children. Here we compare 
structural brain scans from those who learnt to read as adults (late- 
literates) with those from a carefully matched set of illiterates. 
Late-literates had more white matter in the splenium of the corpus 
callosum and more grey matter in bilateral angular, dorsal occi- 
pital, middle temporal, left supramarginal and superior temporal 
gyri. The importance of these brain regions for skilled reading was 
investigated in early literates, who learnt to read as children. We 
found anatomical connections linking the left and right angular 
and dorsal occipital gyri through the area of the corpus callosum 
where white matter was higher in late-literates than in illiterates; 
that reading, relative to object naming, increased the interhemi- 
spheric functional connectivity between the left and right angular 
gyri; and that activation in the left angular gyrus exerts top-down 
modulation on information flow from the left dorsal occipital 
gyrus to the left supramarginal gyrus. These findings demonstrate 
how the regions identified in late-literates interact during reading, 
relative to object naming, in early literates. 

After decades spent fighting, members of the guerrilla forces have 
begun re-integrating into mainstream Colombian society, introducing 
a sizeable population of illiterate adults who have no formal education. 
Upon putting down their weapons and returning to society, some had 
the opportunity to learn to read for the first time in their early twenties, 
providing the perfect natural situation for experiments investigating 
structural brain differences associated with the acquisition of literacy 
in the absence of other types of schooling or maturational develop- 
ment. To this end, we obtained high-resolution T,-weighted magnetic 
resonance imaging (MRI) scans from 42 right-handed healthy adults: 
20 late-literates who had completed a literacy program in adulthood in 
their native tongue (Spanish) and 22 age- and culturally matched 
illiterates who had not yet started that literacy program. Thus, unlike 
in studies of developmental dyslexia, there were no known between- 
group differences in reading potential. Moreover, our analyses 
factored out variability in more general cognitive skills. 

The results of a voxel-based morphometry (VBM) comparison 
(experiment one; Fig. 1) showed that late-literates had more grey 


matter than illiterates in five posterior brain regions that form a 
subset of those activated in functional imaging studies of reading’*. 
Specifically, grey-matter density increases were identified in bilateral 
dorsal occipital areas associated with higher-level visual processing, 
in left supramarginal and superior temporal areas associated with 
phonological processing and in the angular gyri and posterior middle 
temporal regions associated with semantic processing. In addition, 
and as observed previously”*, the ability to read was associated with a 
greater amount of white matter in the splenium of the corpus callo- 
sum (SCC), which is frequently damaged in pure alexic patients who 
are unable to read despite good language function’. These structural 
differences in known reading areas were observed even in subgroups 
of participants who were closely matched on a range of different 
cognitive abilities (Fig. 1). They are therefore likely to be conse- 
quences of learning to read, consistent with longitudinal studies that 
have shown regional changes in brain structure with the acquisition 
of new skills in adults* as well as in children’. 

Although the identified areas are all within the known reading 
network”®, neither the voxel-based structural analysis nor previous 
results indicate how the areas are anatomically or functionally con- 
nected to one another. The aim of our second experiment was to 
integrate the grey- and white-matter results from experiment one 
using tractography analyses with diffusion tensor imaging (DTI). 
Specifically, we looked for an interhemispheric white-matter track 
that linked left- and right-hemisphere homologues (that is, angular 
gyri and/or dorsal occipital areas) through the region of the SCC area 
where white-matter amount differed according to literacy. In ten 
adults who learnt to read English in childhood, we found strong 
interhemispheric paths linking the left angular and dorsal occipital 
gyri with the right angular and dorsal occipital gyri through the 
precise region of the SCC identified in the first experiment (Fig. 2). 
Long range connections through the SCC are laid down in utero and 
will therefore be present irrespective of literacy experience. On the 
basis of experiment two, we suggest that learning to read in adult- 
hood alters the properties of the interhemispheric links between the 
left and right angular and dorsal occipital gyri. This perspective inte- 
grates the grey- and white-matter findings from experiment one into 
the same anatomical system; however, we can not rule out the 
possibility that the white-matter differences in late-literates relative 
to illiterates pertain to other tracts through the same area of the 
corpus callosum (for example, those connecting the temporal lobes). 

To investigate the functional connectivity within the identified 
anatomical system, our third experiment used functional magnetic 
resonance imaging (fMRI) and dynamic causal modelling (DCM) in 
20 adults who learnt to read English in childhood. Reading activity 
was compared with object-naming activity in the regions showing 
structural differences between late-literates and illiterates in experi- 
ment one. We chose object naming as the baseline to control for 


'Basque Center on Cognition Brain and Language, Donostia-San Sebastian 20009, Spain. *IKERBASQUE, Basque Foundation for Science, Bilbao 48011, Spain. 7Departamento de 
Filologia Vasca, Universidad del Pais Vasco, Bilbao 48940, Spain. “Universidad de La Laguna, Tenerife 38055, Spain. >Wellcome Trust Centre for Neuroimaging, Institute of Neurology, 
University College London, London WCIN 3BG, UK. °Universidad Nacional de Colombia, Bogota 3165000, Colombia. Cognitive, Perceptual and Brain Sciences, University College 


London, London WCIE 6BT, UK. 
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Figure 1| The effect of literacy on brain structure. Upper images show the 
locations of grey-matter increases in 20 literates relative to 22 illiterates, with 
a height threshold of P < 0.001 and an extent threshold of P < 0.05, 
corrected for multiple comparisons across the whole brain. Data were 
processed using VBM procedures in the brain-imaging software SPM5 with 
covariates of no interest that factored out the effects of age, gender, global 
intensity and neuropsychological performance. The images below these are 
axial slices (left side of image corresponds to left hemisphere) showing grey- 
matter (yellow) and white-matter (green) differences with literacy. Peak x, y 
and z coordinates in MNI (Montreal Neurological Institute) space were 
(—47, —74, +28) and (+50, —72, +32) in the left and right angular gyri 
(ANG), respectively; (—34, —86, +26) and (+34, —86, +26) in the left and 
right dorsal occipital gyri (DOCC), respectively; (—54, —62, +10) and 
(+60, —72, —4) in the left and right middle temporal gyri (MTG), 
respectively; (—64, —38, +30) and (—62, —46, +22) in the left 
supramarginal gyrus (SMG) and the posterior superior temporal gyri (STG), 
respectively; and (0, —26, +16) and (—6, —36, +6) in the left- and right- 
hemispherical corpus callosum, respectively. No differences in left ventral 
occipito-temporal grey matter were identified even when the statistical 
threshold was reduced to P< 0.05 uncorrected. Bottom rows: Grey-matter 
(GM) and white-matter (WM) (density in arbitrary units) extracted from 
and summed over all the identified voxels in the VBM analysis for subgroups 
of illiterates (I) and literates (L) who were matched for scores on four tests of 
intellectual ability. Each dot represents the value for an individual subject, 
and the height of the bar indicates the average of these values. See 
Supplementary Table 1 for full details. 


processes involved in the recognition of complex visual stimuli, name 
retrieval and speech production"’. Although our DCM analyses only 
included the areas that in experiment one were associated with learn- 
ing to read in adulthood, the influence of all other reading areas is 
implicitly assumed (Supplementary Information). 

Our first functional connectivity analysis showed that reading, 
relative to object naming, increased interhemispheric functional con- 
nectivity between the left and right angular gyri but not between the 
left and right dorsal occipital regions (Fig. 3a). Therefore, the results 
of all three experiments associate interhemispheric connections with 
the left and right angular gyri. Moreover, the results of experiments 
one and three highlight the importance of these connections for 
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Figure 2 | Anatomical connectivity results. Diffusion-weighted magnetic 
resonance images from ten early-literates were acquired with a b value of 
1,000s mm * uniformly distributed across 60 gradient directions. Paths 
through the corpus callosum region of interest were identified using a 
Markoy-chain Monte Carlo technique with 25,000 samples in each voxel in 
the left and right angular and dorsal occipital gyri that was structurally 
different (at P< 0.001) in the late-literates and illiterates (shown in blue). 
The resulting images (yellow/red) represent empirically determined 
probability distributions linking the left and right hemisphere regions of 
interest in each subject. 


reading. This correspondence across experiments was observed 
despite the use of different methods (VBM, DTI and DCM) in dif- 
ferent populations varying in age of reading acquisition, language 
spoken and reading ability. 

Experiment three also allowed us to investigate how activity for 
reading, relative to object naming, is propagated through the left- 
hemisphere anatomical system identified in experiment one. The 
results (Fig. 3b) suggest that reading increased the functional coup- 
ling from visual (DOCC) to phonological (SMG) processing areas 
either directly or by means of semantics (in MTG). This is consistent 
with reading increasing the demands on the retrieval and assembly of 
speech sounds'''*. In addition, the angular gyrus had a top-down 
modulatory effect on dorsal occipital activity. This may reflect top- 
down constraints on the discrimination of visually similar words 
with different meanings (for example, chain and chair). 

Our findings can now be used to revisit structural and functional 
imaging studies of acquired and developmental dyslexia. In particular, 
an understanding of the anatomical mechanisms that support the 
process of learning to read can be used to determine whether neuronal 
abnormalities are a cause or a consequence of the inability to read. For 
example, many studies have shown that developmental dyslexics have 
reduced left temporoparietal grey matter'’ °° and reduced SCC white 
matter*’~’. The effect of literacy in the present study suggests that this 
might be the consequence of reading experience rather than the cause 
of reading difficulties. 

Finally, we consider why experiment one did not reveal structural 
brain differences for literates relative to illiterates in the left ventral 
occipito-temporal region, where damage can result in pure alexia’®. 
Previous functional imaging studies of children have shown that in the 
early stages of learning to read English, dorsal parietal activation pre- 
dominates, after which skilled reading utilizes more ventral occipito- 
temporal areas**** that also support object naming'’. We therefore 
predict that the dorsal system may be more important than the ventral 
system in early stages of reading—when reading is less proficient and 
not yet automatic—and in transparent orthographies (like Spanish) 
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Figure 3 | Functional connectivity results. Two dynamic causal models 
were defined and estimated in each of 20 literate subjects using standard 
procedures in SPM5. All forward and backward connections were specified 
(fully connected dynamic causal models) but only illustrated where the 
modulatory effect of reading was significantly stronger (P < 0.05) than that 
for object naming. The values on each connection refer to the strengths of 
intrinsic connections and modulatory effects, respectively (in hertz). 

a, Assessment of the interhemispheric effective connectivity between left and 
right dorsal occipital gyri and left and right angular gyri. Driving inputs 
(words and objects) were connected to left and right occipital gyri. Only the 
interhemispheric connections that involved the angular gyrus were 
significant. b, Assessment of the interactions of the four left-hemisphere 
regions that belong to the anatomical system identified in experiment one. 
Driving inputs (word and objects) were connected to the left occipital gyrus. 
Note that the only significant top-down (backward) modulation to this 
input region is exerted by the angular gyrus. 


in which there is a consistent relationship between spelling and sound. 
In contrast, the ventral system may be more important in later 
stages—when skilled reading is fast and automatic—and in deeper 
orthographies (like English”) that necessitate parallel letter processing 
because of the inconsistent spelling—-sound relationships. Future lon- 
gitudinal studies are required to test these predictions. 

In conclusion, we have identified structural brain differences in 
late-literates relative to illiterates and used these results to guide 
anatomical and functional connectivity analyses in early-literates. 
Our findings shed light on neurological models of reading. First, they 
suggest that learning to read strengthens the coupling between left 
and right angular gyri and that this coupling is mediated by anatom- 
ical white-matter pathways through the SCC. Second, they show that 
when words are read aloud, the angular gyrus provides top-down 
constraints on the functional interactions between visual processing 
in the dorsal occipital gyrus and speech processing in the supramar- 
ginal gyrus. This contradicts the classic version of the neurological 
model, which posits that information flows from visual areas through 
the angular gyrus to the superior temporal gyrus” °°. We suggest that 
reading increases the functional connectivity between the left and 
right angular gyri and on information flow from the left dorsal occi- 
pital gyrus to the left supramarginal gyrus, with the left angular gyrus 
playing a top-down modulatory role. 
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Future studies are required to investigate anatomical and func- 
tional connectivity in late-literates and to tease apart which compo- 
nents of their literacy training were effective in generating the 
structural brain differences. Nevertheless, this study demonstrates 
that learning to read in adulthood can have a significant effect on 
the structure of brain regions that are important for skilled reading in 
early-literates. 


METHODS SUMMARY 


Experiment one compared structural MRI scans from 22 late-literates and 20 
culturally matched illiterates. Grey- and white-matter density was estimated on 
the basis of T,-weighted anatomical whole-brain images acquired using a 
GE1.5T MRI system. VBM statistical analyses were conducted using SPM5 
separately for grey- and white-matter images. Linear contrasts produced two 
t-statistic maps, one for activation that was greater in literates than in illiterates 
and one for activation that was greater in illiterates than in literates. 

Experiment two used DTI and tractography analyses in 10 adults who learnt to 
read in childhood (early-literates). Diffusion-weighted magnetic resonance 
images were collected using a 1.5T Siemens Sonata MRI system. The aim of 
the tractography analyses was to investigate the link between the grey- and 
white-matter regions identified in experiment one. 

Experiment three used {MRI to compare reading and object naming in 20 early- 
literates. There were three conditions: naming pictures of objects, reading the 
written names of the objects and articulating “1, 2,3” in response to unfamiliar 
symbols and pictures. The fMRI analysis using SPM5 investigated regional activa- 
tion differences for reading relative to picture naming in the significant regions of 
interest identified in the VBM analysis. Peak activations were identified using the 
peak coordinates from experiment one with a 6-mm-radius search volume. In 
addition, a DCM analysis was performed to investigate how the brain regions 
interacted during reading relative to object naming. For each region, eigenvectors 
were extracted in each participant at the closest maxima within a distance of 4 mm 
from the group peaks. The first dynamic causal model tested the effective con- 
nectivity between left and right hemispheres in DOCC and ANG regions. The 
second dynamic causal model tested the effective connectivity between the left- 
hemisphere regions of interest from the anatomical reading system identified in 
experiment one. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


We conducted three different experiments (see Supplementary Information for 
full discussion). 

Experiment one: structural imaging of late-literates and illiterates. This study 
was approved by the ethics committee of the University of La Laguna. 

Forty-two right-handed”’ native Spanish-speakers from Colombia provided 
written consent to participate. Most were members of the Colombian guerrilla 
forces that had put down their weapons. The rest were housewives from a similar 
socio-economic background. The 22 illiterates (11 males and 11 females, with a 
mean age of 32.8 years) were about to start a literacy program. The 20 literates 
(10 males and 10 females, with a mean age of 31.5 years) had already completed 
the literacy program in adulthood. This was primarily based on learning to recog- 
nize words on the basis of spelling-sound relationships in Spanish. All 20 literates 
had been actively reading and writing in Spanish for at least five years. They had a 
normal neuropsychological profile***” (see Supplementary Table 1 for details) 
and performed at ceiling on standardized tests of Spanish reading designed for 
7-12-year-old children**. When tested for comprehension of sentences and small 
texts, they responded 98% correctly to the comprehension questions asked after- 
wards, showing a good reading level. Finally, on the most difficult task (text 
comprehension”) they scored an average of 85% (range, 64—100%). Overall, these 
results confirm a good level of reading proficiency, consistent with the increased 
grey matter that they expressed in known reading areas. 

The criteria for inclusion in the illiterate sample were as follows: (1) lack of 
formal schooling, owing to there being no opportunity to gain any; (2) inability 
to read more than five simple words following tests including the reading and 
writing of words, the reading of sentences and the comprehension of a text”’, as 
administered to the literate participants; (3) normal performance in daily-life 
activities according to their socio-cultural environment; (4) right-handedness 
according to the Edinburgh inventory*'; and (5) a normal neuropsychological 
profile***’ (see Supplementary Table 1 for details) on the Raven test (Raven), 
digit span (Digit), picture naming (Naming) and verbal fluency (Fluency). 

Focal grey- and white-matter densities were estimated on the basis of Tj- 
weighted anatomical whole-brain images acquired in a GE1.5T MRI system. 
We used a whole-brain three-dimensional (3D) sequence to acquire two struc- 
tural images in the axial and coronal planes that were subsequently averaged to 
ensure the best signal contrast. The 3D spoiled-gradient-recalled acquisition 
sequence was obtained with the following acquisition parameters: 
TR = 15.8 ms; TE = 4.2 ms; TI = 450 ms; flip angle, 20°; slice thickness, 1.5 mm; 
field of view, 24 cm; matrix size, 256 X 192 pixels. 

Data were processed using the SPM5 software package (Wellcome Trust 
Centre for Neuroimaging; http://www. fil.ion.ucl.ac.uk/spm/) after checking all 
images for artefacts. The unified segmentation algorithm in SPM5 involves 
alternating between tissue classification, bias correction and spatial normaliza- 
tion in the inversion of a single generative model” and outputs grey- and white- 
matter probability images that were smoothed using an isotropic Gaussian 
kernel with a full-width at half-maximum (FWHM) of 12 mm. Statistical ana- 
lyses were conducted separately for grey- and white-matter images with propor- 
tional scaling to remove global signal-intensity differences. Each analysis used 
the general linear model with two groups (literates and illiterates) and seven 
covariates of no interest that factored out the effect of age, gender and perfor- 
mance on the five neuropsychological tests***’ (digit span, Raven, picture 
naming, phonological fluency and mini-mental state examination). Neither 
gender nor age differed between groups (for example, the mean age was 
31.5 years for the literates and 32.8 years for the illiterates, and the age range 
was 21-52years for the literates and 20-52years for the illiterates; see 
Supplementary Table 1). By modelling age and gender as covariates of no interest 
in the multiple regression, we aimed to reduce within-group error variance. As 
expected, performance in the five neuropsychological tests was higher on average 
in the literate and illiterate groups. This is likely to be a consequence of learning 
to read***!, Nevertheless, we wanted to factor out this variance to ensure that our 
findings focused on structural changes related to reading ability rather than other 
cognitive skills. 

Linear contrasts produced two t-statistic maps, one for activation that was 
greater in literates than in illiterates and one for activation that was greater in 
illiterates than in literates (after factoring out the effect of the seven additional 
regressors). Regional differences were reported as significant at P< 0.05 after 
family-wise error correction for multiple comparisons either at the height or the 
volume level. In addition, we checked specifically for differences between litera- 
tes and illiterates in the left occipito-temporal region that is sometimes referred 
to as the visual word form area” by defining a 10-mm-radius spherical region of 
interest around the coordinates (—42, —56, —14). No significant effects were 
observed in this region even when the statistical threshold was reduced to 
P<0.05 uncorrected (Zscore, >1.64). 
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Experiment two: diffusion tensor imaging. Data for experiment two were 
collected at the Oxford Centre for Magnetic Resonance imaging in the UK 
because the protocols and facilities were not available in Bogota. However, as 
indicated above and in the main text, the basic pattern of long-range connections 
that this study identified are laid down in utero and are therefore expected to be 
present irrespective of literacy experience. In other words, learning to read will 
not generate de novo anatomical connections; instead, it modifies existing path- 
ways. Moreover, there were advantages to collecting corresponding data in a 
different sample of individuals. In particular, experiment two allows us to con- 
firm predictions from experiment one. 

Diffusion-weighted magnetic resonance images were collected from ten 
healthy, literate volunteers (six male, four female) aged 18-37 years (mean, 
24 years), all of whom provided informed consent after explanation of the pro- 
tocol. Scanning was performed at the Oxford Centre for Magnetic Resonance 
Imaging on a 1.5T Siemens Sonata with a maximum gradient strength of 
40 mT m_'. Two sets of echo-planar images of the whole head were acquired 
(60 2.5-mm thick axial slices; in-plane resolution, 2.5mm X 2.5mm). Each set 
comprised three non-diffusion-weighted and 60 diffusion-weighted images 
acquired with a bvalue of 1,000smm_ ~* uniformly distributed across 60 gradient 
directions*’. These were pre-processed to correct for eddy currents and remove 
minor head motions“, averaged to improve the signal-to-noise ratio and con- 
verted into voxel-wise 3D probability density functions assuming a single fibre 
direction except where the evidence merited increasing the model complexity by 
including crossing fibres**. Finally, we also acquired a high-resolution 
T,-weighted image (3D FLASH sequence; TR=12ms; TE=5.60 ms; flip 
angle, 19°; voxel size, 1mm X 1 mm X 1 mm) for anatomical localization. 

The aim of the tractography analyses was to investigate the link between the 
grey- and white-matter VBM results. Specifically, we tested the hypothesis that the 
white-matter differences in the SCC reflected an interhemispheric anatomical 
connection between left- and right-hemisphere homologue regions where there 
were significant grey-matter differences in the structural comparison of grey 
matter in literates and illiterates in both hemispheres. The only two areas with 
significant effects (corrected for multiple comparisons) in both left and right 
hemispheres in experiment one were the angular gyrus and the dorsal occipital 
cortex. We did not include the temporal regions, because the location of the effects 
in the left and right middle temporal areas were more than 14mm apart 
((—54, —62, 10), (+60, —72, —4)), and the effects in the supramarginal/superior 
temporal areas only reached significance in the left hemisphere. 

Corticocortical connections linking the left and right angular gyri were traced 
using a probabilistic tractography algorithm” in each of the ten subjects. Because 
the VBM findings were group results localized in MNI space but the tractography 
was carried out in individuals (in native space), the first step was to map the VBM 
results from experiment one onto each participant’s anatomy. This involved the 
following procedure. First, structural images for each of the ten subjects were 
converted to MNI space using a linear transformation. The voxels showing 
significant effects in experiment one (P< 0.001 uncorrected) were then trans- 
posed onto the structural image in MNI space. To ensure that registration was 
accurate, we only excluded voxels if they had a 20% or less chance of being grey 
matter. In other words, the only voxels used to seed each DTI analysis were those 
from the VBM results that were present in that individual’s angular gyrus and 
dorsal occipital gyrus grey matter. These were manually checked to verify the 
accuracy of this process. For all tractography analyses, each of the seed voxels was 
converted back into native space by reversing the linear transformation. 

Paths were determined three times using a Markov-chain Monte Carlo tech- 
nique with 1,000, 5,000 or 250,000 samples per seed voxel. All paths that did not 
intersect the SCC identified by the VBM white-matter analyses (and mapped on 
the individual’s own corpus callosum) were excluded. The resulting images 
represent empirically determined probability distributions linking left- and 
right-hemisphere voxels through the region of the SCC identified in the VBM 
white-matter analysis. The results revealed a clear pathway linking the left- and 
right-hemisphere seed regions through the SCC irrespective of whether 1,000, 
5,000 or 250000 samples were used. This suggests that the pathway is robust and 
easily traced. It was also present across a range of different seed voxels (Fig. 3). 
Experiment three: functional imaging of reading versus picture naming. Data 
for experiment three were collected at the Wellcome Trust Centre for 
Neuroimaging. The study was approved by the joint ethics committee of the 
Institute of Neurology and University College London Hospital. 

Twenty healthy, right-handed skilled readers (8 males and 12 females; age 
range, 13-71 years; mean, 35 years) gave written informed consent to participate 
in this study. All were literate, native English-speakers, had normal or corrected- 
to-normal vision, with no history of neurological or psychiatric disorders. They 
were all highly educated and are therefore likely to have been much more pro- 
ficient readers than the adult literates included in experiment one. Critically, 
however, we looked for consistencies between studies rather than differences. 
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There were three tests: naming pictures of objects that have familiar names of 
three to six letters, reading the written names of the objects used for picture 
naming and articulating “1, 2, 3” in response to unfamiliar symbols and pictures 
of three unfamiliar 3D shapes. Responses were spoken aloud and recorded with an 
in-house MRI-compatible auditory recording system. To facilitate task switching, 
the conditions were blocked with 12 stimuli per block that alternated with 14.4 s of 
fixation. Within a block, the 12 stimuli were presented in four sequential trials 
(one each 4.3 s) with three stimuli per trial, one above fixation and two below 
fixation. The participants were asked to name the objects or read the word in the 
same order (top, bottom left, bottom right) and to say “1, 2, 3” in response to the 
unfamiliar stimuli while looking sequentially at the top, bottom-left and bottom- 
right pictures. Over the experiment, each participant responded to 32 trials (96 
stimuli) of each condition. Within subject, a different set of objects was used for 
picture naming and reading, but across subjects, articulation was matched for 
picture naming and reading. Thus, we had a total of 192 objects, divided into 
sets A and B. Half the subjects saw set A as pictures and set B as written names; the 
other half saw set B as pictures and set A as written names. Name agreement across 
subjects was ensured by a pilot study. The total scanning time for all conditions 
was 12 minutes in two separate six-minute runs. 

To ensure that the task was understood correctly, all subjects were provided 
with detailed instructions and underwent a short training session before entering 
the scanner. To minimize artefacts from head motion, participants were 
instructed to whisper their response with minimal mouth movement. Their 
movement within the scanner was assessed. The 20 participants included in 
the analyses reported below were selected from a larger sample after excluding 
those who moved more than 1.5 mm in any direction in the scanner. 

Data were acquired on a 1.5T Siemens Sonata MRI system. Functional 
imaging comprised an echo-planar-imaging gradient-echo sequence 
(TR = 3,600 ms; TE = 50 ms; flip angle, 90°; FOV = 192 mm; 40 axial slices with 
3mm X 3mm X 3mm voxel size). The echo-planar-imaging gradient-echo 
sequence used here was optimized to minimise signal dropout by adjusting 
the slice tilt, the direction of the phase encoding and the z-shim moment”. 
Functional, scanning was always preceded by 14.4s of dummy scans to ensure 
tissue steady-state magnetization. 

Data processing and statistical analyses were performed using SPM5. All func- 
tional volumes were spatially realigned, unwarped, normalized to the MNI space 
using the unified normalization-segmentation procedure of SPM5 (ref. 40) and 
smoothed with an isotropic Gaussian kernel with 6-mm FWHM, with resulting 
voxels size of 2mm X 2mm X 2 mm. Time series from each voxel were high-pass 
filtered (1/128-Hz cut-off) to remove low-frequency noise and signal drift. The 
pre-processed functional volumes for each subject were then submitted to a 
fixed-effects analysis, using the general linear model at each voxel. The onset 
of each stimulus was modelled as an event encoded in condition-specific “stick- 
functions’. Correct and incorrect responses were modelled separately. The 
resulting stimulus functions were convolved with a canonical haemodynamic 
response function to form regressors for the general linear model. Parameter 
estimates (that is, beta images) were assessed using least-squares regression 
analysis. The appropriate contrast image (that is, a contrast of maximum- 
likelihood-parameter estimates) was then entered into a second-level random- 
effects analysis to allow inferences at the group level in the regions showing 
structural differences between literates and illiterates (Supplementary Table 1 
and Supplementary Fig. 1). This analysis was used to identify regional activation 
differences for reading and picture naming and to extract the time series for each 
region from the F map for all conditions. 

First we created a mask of the significant voxels in the structural comparison 
(experiment one). Then we applied this mask to the second-level analysis of the 
functional data. Peak activations were identified using the peak coordinates from 
experiment one using a 6-mm-radius search volume. The coordinates of the six 
local F-map peaks closest to our regions of interest from experiment one were as 
follows: left DOCC at (—30, —88, +20), right DOCC at (+30, —88, +20), left 
ANG at (—48, —74, +28), right ANG at (+50,—70, +32), left MTG at 
(—54, -—54,+10) and left SMG at (—52,—42,+26). See Supplementary 
Table 2 for comparison of structural imaging results (experiment one) and func- 
tional imaging results (experiment three). 

For the rationale behind DCM and our choice of analysis, please see 
Supplementary Information. The procedures were as follows. For each region, 
eigenvectors (that is, time series) were extracted in each participant at the closest 
maxima within a distance of 4 mm from the group peaks (individual map thresh- 
old, P<0.05) from experiment one. Critically, this 4-mm limit ensured that 
DCM models were comparable across participants**. Regions of interest were 
extracted for each session separately within a 4-mm-radius sphere and the 
principal eigenvariates were adjusted to the F contrast of each participant. For 
each subject, we extracted region-of-interest time series that were concatenated 
over the two runs and incorporated in two DCM models. The first DCM model 
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(Supplementary Fig. 2a) tested the effective connectivity between left and right 
hemispheres in left DOCC and ANG regions. It was a fully connected model 
between left and right DOCC and left and right ANG regions; the driving inputs 
(that is, objects, words, symbols and non-objects) were connected to both the left 
and the right DOCC regions; and object naming and word reading were used as 
modulatory inputs on all connections. 

The second DCM model (Supplementary Fig. 2b) tested the effective connec- 
tivity between the different regions of the anatomical reading system identified in 
experiment one (that is, four left-hemisphere regions). It was a fully connected 
model (all forward and backward connections specified) between the left DOCC 
and ANG regions, the MTG and the SMG; the driving inputs (that is, objects, 
words, symbols and non-objects) were connected to the left DOCC region; and 
word reading and object naming were used as modulatory inputs on all connec- 
tions to estimate the change in connection strengths as a function of the context 
(for example reading versus naming). Both DCM analyses identified the interac- 
tions that increased selectively during reading aloud when visual processing and 
articulation were controlled. 

All parameters of both DCM models (intrinsic and modulatory values) and their 
posterior probabilities were assessed using Bayesian inversion by means of expecta- 
tion and maximization’””’. The intrinsic and modulatory effects of each subject 
were submitted to t-tests at the group level to infer consistent findings across our 20 
subjects’. Critically, only connections that showed stronger modulatory effects for 
word reading than for object naming (P< 0.05) are considered relevant in our 
context. For the first DCM model, we also carried out a factorial analysis (that is, 
analysis of variance) on the strength of the modulatory effects, to test the effects of 
task (reading or naming), region (left DOCC or ANG) and interhemispheric 
coupling (left to right versus right to left). Significant effects for these factors 
and their interactions were reported at P< 0.05. 
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Specialized cells tag sexual and species identity in 


Drosophila melanogaster 


Jean-Christophe Billeter’, Jade Atallah’, Joshua J. Krupp’, Jocelyn G. Millar? & Joel D. Levine’ 


Social interactions depend on individuals recognizing each other, 
and in this context many organisms use chemical signals to indicate 
species and sex’. Cuticular hydrocarbon signals are used by insects, 
including Drosophila melanogaster, to distinguish conspecific indi- 
viduals from others'*. These chemicals also contribute to intraspe- 
cific courtship and mating interactions’ *. However, the possibility 
that sex and species identification are linked by common chemical 
signalling mechanisms has not been formally tested. Here we pro- 
vide direct evidence that a single compound is used to communicate 
female identity among D. melanogaster, and to define a reproductive 
isolation barrier between D. melanogaster and sibling species. A 
transgenic manipulation eliminated cuticular hydrocarbons by 
ablating the oenocytes, specialized cells required for the expression 
of these chemical signals. The resulting oenocyte-less (oe ) females 
elicited the normal repertoire of courtship behaviours from males, 
but were actually preferred over wild-type females by courting 
males. In addition, wild-type males attempted to copulate with 
oe males. Thus, flies lacking hydrocarbons are a sexual hypersti- 
mulus. Treatment of virgin females with the aversive male phero- 
mone cis-vacceny] acetate (cVA) significantly delayed mating of oe 
females compared to wild-type females. This difference was elimi- 
nated when oe females were treated with a blend of cVA and the 
female aphrodisiac (7Z,11Z)-heptacosadiene (7,11-HD), showing 
that female aphrodisiac compounds can attenuate the effects of male 
aversive pheromones. 7,11-HD also was shown to have a crucial role 
in heterospecific encounters. Specifically, the species barrier was lost 
because males of other Drosophila species courted oe D. melano- 
gaster females, and D. simulans males consistently mated with them. 
Treatment of oe females with 7,11-HD restored the species barrier, 
showing that a single compound can confer species identity. These 
results identify a common mechanism for sexual and species recog- 
nition regulated by cuticular hydrocarbons. 

D. melanogaster produces hydrocarbons of various chain lengths, 
including unbranched alkanes, methyl-branched alkanes, alkenes and 
derivatives thereof. The alkenes are expressed sex-specifically, and have 
been associated with both sex and species discrimination* *. Compared 
to females, males express high levels of the monoalkene (Z)-7-tricosene 
(7-T), which has been reported to increase females’ receptivity to mat- 
ing attempts®. Moreover, 7-T is repulsive to other males and may 
prevent male—male interactions’. In contrast, females produce sex- 
specific dienes such as (7Z,11Z)-heptacosadiene (7,11-HD) and 
(7Z,11Z)-nonacosadiene (7,11-ND), which act as aphrodisiac phero- 
mones for D. melanogaster males**. Hydrocarbons are strongly asso- 
ciated with sexual recognition, because wild-type males court males 
that have been genetically modified to express female hydrocarbons, 
indicating that the mutants are perceived as females’. 

There are still large gaps in our knowledge of the functions of 
individual hydrocarbons and the tissues where these compounds 


are synthesized. As in other insects'°, specialized cells called oeno- 
cytes, located on the inner surface of the abdominal cuticle, are 
thought to be the site of hydrocarbon biosynthesis in D. melanoga- 
ster’, Consistent with this hypothesis, desaturase 1 (desat1), which 
encodes an enzyme involved in hydrocarbon synthesis", is expressed 
in Drosophila oenocytes’® (Fig. 1a). Previous studies have demon- 
strated that genetic feminization of these cells results in production of 
female hydrocarbons by male flies’; however, these and other 
manipulations have been confounded by the concurrent feminiza- 
tion of cells in many other sexually dimorphic tissues, including the 
central nervous system>’. To test the hypothesis that these cells are 
required for production of chemical signals used in sexual and species 
recognition, we used the Gal4-UAS system’ to target transgene 
expression specifically to the adult oenocytes. We generated an oeno- 
cyte Gal4 driver (Fig. 1b) derived from the regulatory sequence of one 
of the desat1 promoters"’ that is expressed specifically in oenocytes of 
adult females (Fig. la—c). The driver is also expressed in the larval 
oenocytes and in the reproductive organs of adult males (Fig. la, c 
and Supplementary Fig. 1). We used this driver to ablate adult oeno- 
cytes by inducing expression of the pro-apoptotic gene head involu- 
tion defective (hid; also called Wrinkled)'*. This approach initially 
caused lethality in larvae, probably due to the destruction of the larval 
oenocytes’*. To circumvent this problem we blocked the driver’s 
action during development using the Tubulin-Gal80° transgene’®. 
Using this method, we generated adult flies without oenocytes 
(oe  ) (Fig. 1d, e). Analysis of whole-body hydrocarbon extracts con- 
firmed that both oe males and females were essentially devoid of 
these compounds (Fig. 1f, g and Supplementary Tables 1 and 2 for 
quantification), showing that the oenocytes are necessary for hydro- 
carbon display in D. melanogaster. The male pheromone cis-vaccenyl 
acetate (cVA) was unaffected in oe males (Fig. 1f, g) because this 
compound is synthesized in the ejaculatory bulb’’”. The oe trans- 
genic strain therefore provided a ‘blank slate’ for evaluating the role 
of hydrocarbons in intra- and interspecific communication. 
Weassayed sexual behaviour of oe flies to test hydrocarbon func- 
tion during reproduction. Despite the association of hydrocarbon 
signals and Drosophila courtship, absence of these signals did not 
alter courtship behaviours per se. The oe males displayed normal 
courtship behaviour towards wild-type females, but slightly less 
intense than control males (Fig. 2a and Supplementary Table 3). 
However, wild-type females were less receptive to oe males than 
control males, with oe males taking almost four times as long to 
achieve mating (Fig. 2a). Thus, hydrocarbons of males do not seem to 
affect their own courtship behaviour, but rather, influence the recep- 
tivity of females to their mating attempts. However, we cannot 
exclude the influence of non-oenocyte cells within the male repro- 
ductive organs that may have been affected by the ablation. Notably, 
oe males elicited courtship and copulation attempts from both 


'Department of Biology, University of Toronto at Mississauga, 3359 Mississauga Road, Mississauga, Ontario L5L 1C6, Canada. *Department of Entomology, University of California, 


3401 Watkins Drive, Riverside, California 92521, USA. 


987 


©2009 Macmillan Publishers Limited. All rights reserved 


LETTERS 


a nan on 
Gc 6 
G Go 
aD 
2 2 o 
SS Beso 
x gs &35 
£ 66 B50 a 
ae Oo Oo 
SGqsas >e2ee2 
2 o £393 io 2.2 
= c EG Lol ,R8 a8 
SeBpeFZereoaseHXo 3B 
SCaegtzoous &€ @sao Qo 
SoS EogRa oeoaHSHEHAHD 
SriIgatcotcoonf ecw 
— 
o 
n 
g 
2 
3 
3 
xe} 


b 


A 


Cc 


E 


B 


D 


Ej.bulb 
Repro- 
ductive 
organs 


f * Standard 
YcVA 
* 
30 30 
20 Control Q 20 Control @ 
> 
E40 10 
0 0 
* 
30 30 . 
., 20] °° 4 20] y oe d 
E 40] 10 
0 SS. OL : : 
015 20 25 0 15 20 25 30 
Time (min) Time (min) 
1,400 
sd aoe t Control , | Control 
2 1,200 Moe 1,200 Hoe 


Figure 1| Oenocytes produce cuticular hydrocarbons. a, Tissue-specific 
expression of desat1 type E isoform in the adult oenocytes. RT-PCR on 
desat1 transcripts from different adult tissues. Transcript-specific primer 
combinations were used to detect desat1 isoforms A—E. Gene-specific 
primers for desat1 and rp49 were used as controls. b, Organization of the 
desat1 locus. Black boxes, non-coding exons; orange; coding. A-E are 
alternative promoters. c, PromE(800)-gal4 driver recapitulates desat1-E 
isoform expression. PromE(800)-gal4 driving UAS-nuclear GFP expression 
in adults is shown. AcGL, accessory glands; Ej. bulb, ejaculatory bulb. 

d, Dorsal abdominal fillet preparations of control (PromE(800)-gal4, TubP- 
GAL80°/UAS-nuclearGFP) and oenocyte-ablated (oe ) females 
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wild-type males and other oe males, indicating that oe males were 
perceived as females, even though all other male characteristics were 
present (Fig. 2b and Supplementary Table 4). The vigorous courtship 
of oe males by each other resulted in unnatural behaviours such as 
engaging one another by rotating in a head-to-head orientation, and 
males attempting copulation with each other’s heads (Fig. 2b, 
Supplementary Table 4 and Supplementary Movies | and 2). These 
behaviours were suppressed by treatment of oe males with synthetic 
7-T (Fig. 2b and Supplementary Table 4), confirming the function of 
7-T in inhibiting male—male interactions’. 

Wild-type males exhibited normal courtship behaviour towards 
oe females, apparently undeterred by the lack of female hydrocar- 
bons (Fig. 2c). However, mating latency was significantly shorter 
(Fig. 2c), and when given a choice between an oe and a control 
female, wild-type males preferred oe females (Fig. 2d). Together, 
these data indicate that females lacking hydrocarbons are more 
attractive than those with a normal hydrocarbon profile. This suggests 
that female hydrocarbons normally act to slow down male mating 
attempts, facilitating assessment of a potential partner’s species and 
fitness. Thus, any oe fly, irrespective of its development as female or 
male, seems to sexually hyperstimulate males. We hypothesize that 
hydrocarbons normally act to superimpose sexual identity on an 
otherwise attractive fly substrate. 

The results described above suggested that female attractiveness 
depends on a balance between attraction/stimulation and repulsion/ 
deterrence. We investigated this by treating females with the aph- 
rodisiac compound 7,11-HD, and with cVA, which males transfer to 
females via the ejaculate*"* to deter further mating attempts by other 
males'*'’. Whereas cVA decreases the probability that females will re- 
mate, wild-caught females produce offspring from multiple sires, 
indicating that polyandry is common” and that the effect of cVA is 
not absolute. We treated oe flies with doses of these compounds 
approximating wild-type levels (see Methods). The mating latency of 
wild-type males with oe females treated with 7,11-HD was not 
different from that with untreated oe females (P> 0.7), indicating 
that 7,11-HD alone does not affect attractiveness of oe females 
(Fig. 2e). As expected, treating wild-type females with increasing 
doses of cVA delayed mating accordingly (Fig. 2f), and the effect 
was even more pronounced with oe females treated with the same 
doses of cVA (Fig. 2f). This effect was not due to differences in the 
rates of release of cVA from the control and oe flies, as shown by the 
profiles of cumulative loss of cVA over time for the two genotypes 
(Supplementary Fig. 2). Instead, the exaggerated effect of CVA on oe 
females is consistent with our hypothesis that the aversive effects of 
this compound are normally moderated by the presence of other 
hydrocarbons. Indeed, when cVA and 7,11-HD were applied 
together, the mating latencies of oe and wild-type females were 
indistinguishable (Fig. 2g). Apparently, 7,11-HD mitigated the deter- 
rent effects of cVA. The data suggest that a male’s perception of a 
female’s availability is normally regulated by a mixture of attractive 
and aversive signals (Fig. 2f, g). From an evolutionary perspective, the 
combined effect of a female attractant with a male deterrent may 


(PromE(800)-gal4, TubP-GAL80°/UAS-hid, UAS-nuclear GFP) 
demonstrating the loss of GFP expression after cell-death induction. Scale 
bar, 200 um. Weak fluorescence in oe animals comes from necrotic tissues 
devoid of nuclear structures (inserts magnified in lower panels: scale bar, 
20 ttm). e, Haematoxylin and eosin staining of abdominal fillet as in 

d, demonstrating disruption of the oenocytes in oe flies. Other abdominal 
tissues appear normal. fb, fat bodies; m, muscles (arrowhead); oe, oenocytes 
(indicated by asterisks, form a strip strapped under the dorsal abdominal 
muscles); t, trachea. Scale bars, 100 pum. f, Cuticular hydrocarbons of single 
flies were analysed using gas chromatography. Chromatograms plot the peak 
area associated with the amount of a specific hydrocarbon, scale is in 
millivolts (mV). g, Mean sum of cuticular hydrocarbons (}*CHs). 
Genotypes as in d. Hydrocarbon quantification broken down by chemical 
classes. Error bars indicate s.e.m. n = 20,21. Supplementary Tables 1 and 2 
show values for individual compounds and for additional control genotypes. 
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Figure 2| Hydrocarbons regulate sexual attractiveness. a, Sexual 
behaviour of oe and control (ctrl) males with wild-type (WT) virgin 
females. Courtship indices are not significantly different (P = 0.30). 

n = 27,38 for courtship index and 158,148 for mating latency. b, Male—male 
interaction of oe males paired with wild-type or oe males. oe males 
labelled (+7-T) were treated with approximately 1 ,1g of synthetic 7-T. Bars 
labelled by the same letter (a or b) in the histograms are not statistically 
different (ANOVA, P< 0.01; n = 10-19). c, Behaviour of wild-type males 
towards oe females. n = 38,39 for courtship index and 139,146 for mating 
latency. d, Competitive mating assays in which oe females or males were 
pitted against a control animal of the same sex for copulation with a wild- 
type male or female. The preference index is the relative advantage of oe | 
animal over the control. n = 70,15. e, oe virgin females treated with 
increasing amounts of synthetic 7,11-HD. Females were paired with wild- 


illustrate an instance of post-copulatory sexual conflict’ in which the 
attractant solicits additional mates despite the first male’s effort to 
render a female unattractive by marking her with cVA. 

In addition to mediating conspecific reproductive interactions, the 
hydrocarbons of female D. melanogaster have an important role in 
reproductive isolation between species’. For example, within the 
nine species of the melanogaster subgroup, only D. melanogaster, D. 


Oo b 
i ao® 100 D. simulans 6 
ae 
melanogaster rrr 
subgroup KNNO 60 
D. simulans 40 
D. melanogaster 20 b b b 
D. yakuba 
= 100 
~, D. yakuba 3 
D. erecta re] * 80 
Female CHs 
Divergence time z 60 
10 0 (million years) a 46 
3 5 20 
D. melanogaster 
© 100 7 8 c c 
= 80 D. erectad 
& 
=z 60 
Qa 
‘= 40 
an 
2 20 
& b Bb b 
é & & a re 
OS 
& a> 
Xs 
| 


D. melanogaster. 


LETTERS 
= 50 f 12 
40 £10 
-_ D 
3] £ 8 
® 30 i 
9 £6 
.— 20 ° 
3 a 4 
2 f= 
= 10 Fo 
me} 
oO 
® ) 
x 0 1,000 2,000 3,000 4,000 
cVA dose (ng) 

ad 
rs 

g 12 
co Hi ctrl? 
= 210 oe- (+7,11-HD) 2 
D D 
£ < 8 
E E 6 
2 2 
oO oO 4 
= £ % 
- - 

g° G2 211 405 881 0 cal 
RC Be etl -a00n8G! 0 1,000 2,000 3,000 


27,11-HD dose (ng) puresese Ing) 


type males and the time between introduction to mating initiation was 
recorded. n = 11-12. f, Control and oe virgin females treated with 
increasing amounts of synthetic cVA. Treated females were paired with wild- 
type males and assayed as in e. Asterisks indicate significant differences 
between genotypes as determined by a two-tailed Student’s t-test 

(**P < 0.01). There was a significant dose effect (ANCOVA, F, 19; = 125.27, 
P= <0.001) and dose by genotype interaction (ANCOVA, Fj,191 = 9.0, 
P= 0.003). n = 22-29. g, Control and oe virgin females treated with cVA 
and assayed as inf. Alloe females were treated with approximately 400ng of 
7,11-HD. No significant differences were observed between genotypes and 
there was no significant dose by genotype interaction (ANCOVA, 

F176 = 2.2, P = 0.14), but the dose effect remains (ANCOVA, F},176 = 90.1, 
P<0.001). n = 11-37. Error bars indicate s.e.m. 


sechellia and D. erecta produce female-specific dienes***. Females in 
the rest of the subgroup express the same hydrocarbons as males*”’. 
Males of species with non-sexually dimorphic hydrocarbons generally 
do not court females from dimorphic species, indicating that the 
dienes might act as reproductive isolation barriers between these 
species groups**’. Furthermore, males from dimorphic species do 
not vigorously court females from non-dimorphic species**”’. In con- 
trast, males of all species in the melanogaster subgroup have similar 
hydrocarbons, including abundant 7-T”. Finally, D. melanogaster 
females lacking hydrocarbons are courted by at least two sibling 
species, D. simulans and D. mauritiana’. We tested the behaviour of 
males from other species in the melanogaster subgroup towards oe | 
females, to assess the contribution of oenocytes and hydrocarbons to 
reproductive isolating mechanisms. We chose D. simulans and 
D. yakuba as test species because they represent species in which the 
females lack dienes. We included D. erecta because it differs from 
D. melanogaster in the pattern of dienes expressed” (Fig. 3a). 


Figure 3 | 7,11-HD regulates courtship between Drosophila species. 

a, Phylogenetic relationships of the four Drosophila species used in this 
study, along with a timescale for evolution in this group”. Partitioning of the 
four major female hydrocarbon compounds (7,11-HD; 7,11-ND; 9,23- 
TTCD, (9Z, 23Z)-tritriacontadiene) in these different species”: light grey 
indicates absence, grey indicates minor amounts, and black indicates a major 
fraction of the total hydrocarbon. b, Wild-type males courtship behaviour in 
intra- and interspecific pairings with females of the indicated species and 
genotype. n = 10-19. c, Wild-type D. melanogaster male courtship towards 
females from the indicated species. n = 10-12. Females labelled (+7,11-HD) 
were treated with approximately 500 ng of synthesized 7,11-HD. Error bars 
indicate s.e.m. Bars labelled by the same letter (a, b, c or d) in the histograms 
are not statistically different (ANOVA, P< 0.01). 
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Males of all three species courted oe D. melanogaster females, but 
exhibited limited or no courtship towards control D. melanogaster 
females (Fig. 3b and Supplementary Table 5). This indicates that 
oenocytes and their hydrocarbon products are major components 
of the reproductive isolation barrier, ensuring that courtship and 
mating attempts are only initiated between conspecifics. It has been 
proposed that 7,11-HD functions to create this barrier in D. mela- 
nogaster*. To test this directly, oe D. melanogaster females and 
wild-type females from the different species were treated with syn- 
thetic 7,11-HD. Treatment suppressed courtship by males of all three 
species (Fig. 3b and Supplementary Table 5), demonstrating that 
7,11-HD alone is sufficient to create a species barrier. Interestingly, 
D. erecta males were blocked by 7,11-HD (Fig. 3b and Supplementary 
Table 5), despite the fact that hydrocarbons of D. erecta females 
include other dienes in common with those of D. melanogaster 
(Fig. 3a). Furthermore, D. melanogaster males actively courted D. 
erecta females (Fig. 3c), possibly because the diene 7,11-ND is also 
expressed by D. melanogaster females**”? (Fig. 3a). D. simulans and D. 
yakuba females treated with 7,11-HD elicited strong courtship from 
D. melanogaster males (Fig. 3c and Supplementary Table 5). These 
results demonstrate the multifunctional role of 7,11-HD as an 
attractant and/or stimulant for some species and as a deterrent for 
others. 

Despite attempting copulation (Supplementary Table 5), D. erecta 
males never mated with oe females, suggesting that signals other than 
hydrocarbons are required to induce receptivity in these females”. 
However, within a 24-h period, nearly alloe  D. melanogaster females 
mated with D. simulans males, whereas no control D. melanogaster 
females mated with these males (Fig. 4a). Treatment of oe females 
with 7,11-HD completely blocked interspecific mating with D. simu- 
lans males, even at a dose five times lower than the amount found in 
females of our wild-type D. melanogaster strain (Fig. 4b). Similar 
treatment of D. simulans females with 7,11-HD only delayed mating 
by D. simulans males (Fig. 4b). We hypothesized that 7-T counters the 
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Figure 4 | Mating between D. melanogaster females and D. simulans males 
is prevented by 7,11-HD. a, Percentage of females of the indicated species 
and genotype that mated with D. simulans males in a 24-h period. n = 18-48. 
b, Percentage of D. simulans or oe D. melanogaster females that mated with 
D. simulans males in a 12-h period. Females were treated with increasing 
amounts of synthetic 7,11-HD. Single virgin females were paired with single 
D. simulans males. The fraction of pairs that mated within 12h is reported. 
Asterisks indicate significant differences between genotypes as determined 
by a chi-squared test (**P < 0.01). n = 10-25. ¢, oe females treated with 
increasing amounts of synthetic 7-T and paired with D. simulans males as in 
b. One group of oe females was treated with approximately 200 ng of 7,11- 
HD in addition to 7-T. n = 19-37. 
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effect of 7,11-HD in D. simulans females. This is because 7-T functions 
as an aphrodisiac for D. simulans males and is expressed in higher 
quantities in D. simulans females than in D. melanogaster females*. We 
assayed D. simulans males with oe females treated with either 7-T 
alone, or in combination with 7,11-HD. Synthetic 7-T alone induced a 
slight decrease in mating latency, indicating that 7-T is an attractant 
for D. simulans males (Fig. 4c). However, the striking effect of 7-T was 
to reduce the effect of 7,11-HD in a dose-dependent manner (Fig. 4c). 
These data parallel the balancing effect of 7,11-HD on cVA for D. 
melanogaster males. Thus, we have demonstrated that female hydro- 
carbons orchestrate mating both within and between the species. 
Whereas a single compound such as 7,11-HD may be enough to 
establish a species barrier, the effect of this compound is moderated 
by the relative quantity of other signals. Indeed, the effects of 7,11-HD 
are particularly noteworthy because it functions as an attractant in an 
intraspecific context, whereas in an interspecific context, it aids in 
species recognition, thereby placing social communication and spe- 
ciation on the same continuum. 

The logic of pheromonal communication in Drosophila seems to be 
based on a foundation that imparts general attractiveness to a fly 
(Supplementary Fig. 3). In our study female oenocytes are the primary 
organ for communicating species and sex identity to males. Others 
have shown that males use species-specific acoustic tags within their 
love song for females during courtship***°. Thus, both acoustic and 
pheromonal tags establish a context for social interactions by regulat- 
ing sex and species recognition. Given that individual flies regulate 
their own hydrocarbon display in accord with their social surround- 
ings’’, it is plausible that these compounds also function in individual 
recognition. 


METHODS SUMMARY 
Constructs and RT-PCR. cDNAs were synthesized from whole animals or dis- 
sected tissues using RNeasy Micro kit (Qiagen) and StrataScript cDNA synthesis 
kit (Stratagene). Oenocytes were dissected from 5—7-day-old adult flies as previ- 
ously described’*. Desaturase 1 and rp49 transcript- and/or gene-specific primers 
were described previously'"'’. The desat1 promoter E region (nucleotides 83507— 
84375 in GenBank accession AC007594) was amplified from bacterial artificial 
chromosome clone BACR28114 (GenBank accession AC007594) overlapping 
desaturase 1 and cloned upstream of the Gal4 coding sequence in a modified 
version of the insulated transformation vector pStingerII”*. 
Fly strains. The Canton-S strain was used as the wild-type D. melanogaster strain. 
The D. simulans strain came from the Bloomington stock centre. The D. erecta 
and D. yakuba strains were gifts from N. Gompel. The UAS-nuclear GFP reporter 
was UAS-StingerIP*. UAS-hid (ref. 14) and tubP-Gal80* (ref. 16) were obtained 
from the Bloomington stock centre. All transgenes, originally in a white-minus 
background, were placed in a white-plus background for behavioural studies. 
Adults lacking oenocytes were obtained from the progeny of the cross of ‘+: 
PromE(800)-Gal4, tubP-Gal80";+’ to ‘+: UAS-StingerII, UAS-hid/CyO;+’. 
Control adults were obtained from the progeny of the cross of ‘+: 
PromE(800)-Gal4, tubP-Gal80°;+’ to ‘+: UAS-StingerII,+’. 
Anatomical observations. Abdominal fillets and staining were performed as 
previously described’. 
Statistical analysis. Statistical analyses were performed with the SPSS software 
(version 16.0, SPSS inc.). Mating latency data were log-transformed, and court- 
ship data arcsine-transformed, unless the raw values defined a normal distri- 
bution. All ANOVA tests were followed by the post-hoc Tukey—Kramer test. 
Hydrocarbon treatment and analysis as well as behavioural assays and fly 
rearing are described in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Fly rearing. All fly strains were reared on medium containing agar, glucose, 
sucrose, yeast, cornmeal, wheat germ, soya flour, molasses, propionic acid and 
Tegosept in a 12:12 h light/dark cycle at 25 °C, unless stated otherwise. Virgin 
adults were collected shortly after eclosion using CO, anaesthesia and were kept in 
same-sex groups of 20 in food vials, unless stated otherwise, and aged for 6-7 days. 

Adults lacking oenocytes were obtained from the progeny of the cross of ‘+: 
PromE(800)-Gal4, tubP-Gal80";+’ to ‘+: UAS-StingerII, UAS-hid/CyO;+’. 
Control adults were obtained from the progeny of the cross of ‘+: 
PromE(800)-Gal4, tubP-Gal80";+’ to ‘+: UAS-StingerII,+’. Progeny were kept 
at 18°C until eclosion. Adult progeny were collected at room temperature and 
kept at 25°C for at least 24h. Adults were subjected to three overnight heat 
treatments at 30°C (on days 2, 3 and 4) and returned to 25 °C between treat- 
ments. Adults were briefly checked for GFP fluorescence on day 5 and left to 
recover for at least 24h before experiments. Females appeared to tolerate these 
treatments better than males, which exhibited a high rate of mortality if not 
frequently transferred to fresh food vials. This is linked with the oenocyte abla- 
tion because control males tolerated the heat treatment better. We evaluated the 
oe flies for hypoactivity. Flies were monitored using the DAM system 
(Trikinetics). When monitored over a period of 5 days beginning with 6-day- 
old flies in the dark, the locomotor activity level of oe males was approximately 
20% higher than control males (P = 0.009). The mean activity for oe males was 
58.8 + 3.5 counts h | (1= 25). Mean activity for control males was 46.7 + 2.5 
countsh ' (n= 24). Thus the poor performance of oe males in mating and 
preference assays was not related to low levels of activity relative to controls. 
Cuticular hydrocarbon analysis and treatment of flies with synthetic hydro- 
carbons. For hydrocarbon analysis, flies were anaesthetized with ether and 
placed into individual glass microvials containing 50 ul of hexane spiked with 
10 ng ml! each of octadecane (C18) and 10 ng ml! of hexacosane (C26) as 
internal standards. Hydrocarbons were analysed using a Varian CP3800 gas 
chromatograph with a flame ionization detector as described previously’’. 
Varian Star Integrator software (Varian Inc.) was used to quantify compounds 
based on peak areas. 

For application of synthetic compounds, the compound of interest was dis- 
solved in 1 ml of hexane (Sigma) and pipetted into a 2-ml glass vial (Varian Inc.). 
The hexane was evaporated under a nitrogen gas flow, leaving the compound as a 
residue coating the bottom of the vial. Groups of seven flies were transferred to 
coated vials and subjected to three medium vortex pulses lasting 20 s, with 20-s 
pauses between each pulse. This process did not seem to harm the flies. The 
treated flies were transferred to a fresh vial with food medium and allowed to 
recover and groom for | h. Four flies from each group were used for behavioural 
tests and the remaining three flies were subjected to hydrocarbon analysis to 
monitor effective transfer of the test compound to the flies. Hydrocarbon ana- 
lysis for the three flies was taken as a proxy for the four flies used in the beha- 
vioural test. These measurements were performed for each experiment. The 
amount of compound used to coat the vial was determined empirically. For 
7-T, 7,11-HD and cVA approximately 18%, 28% and 26% respectively of the 
compound in the vial was transferred onto the seven flies (or 2.6%, 4.0% and 
3.7% per fly respectively). High purity cVA (~99%) was obtained from 


nature 


Pherobank. 7-T and 7,11-HD were synthesized as indicated in the 
Supplementary Information. 

Behavioural assays. Flies were transferred to assay chambers using a mouth 
pipette, with the tip changed between flies to avoid hydrocarbon contamination. 
Courtship assays of male-female D. melanogaster were performed in a cylindrical 
Plexiglas chamber (10 mm diameter X 5 mm depth). The courtship index is the 
fraction of a 10-min observation period spent by the male exhibiting courtship 
steps such as following, tapping, wing extension, licking and attempting copula- 
tion. The wing extension index represents the fraction of a 10-min observation 
period during which the male performed the discrete courtship step of extending 
one of its wings. Attempted copulations represent the number of occurrences 
over a 10-min observation period of a male bending its abdomen at an angle 
greater than 90° according to his anterior—posterior body axis towards a subject 
being courted and failing to initiate copulation. Male—male behavioural obser- 
vations were performed as for male-female interactions, except that males were 
collected shortly after eclosion and aged individually for 6-7 days in small vials 
with food medium. The courtship index of male—male interactions was also 
determined over a 10-min period, but starting from the onset of courtship 
and not from introduction as in male-female pairs. Courtship assays were scored 
blind to the genotype or treatment by two independent observers. 

For heterospecific courtship assays, observations of single male-female pairs 
were made in 35mm X 10 mm single use plastic Petri dish with a layer of food 
medium coating the bottom. Pairs were video recorded for 1h. The courtship 
index was determined over a 10-min period starting from the time of courtship 
initiation. Given the similarity of courtship within the melanogaster subgroup”, 
behavioural indices were determined using the same criteria as for D. melano- 
gaster pairs. In the specific case of D. yakuba, males did not always court oe— 
females. We excluded pairs in which males courted for less than 30s. This 
represented 30% of the assays. 

For mating latency assays, single male-female pairs were placed in 
35mm X 10 mm single use plastic Petri dishes as described above. Females were 
allowed to acclimate for at least 5min before introduction of a male. 
Experiments were started around circadian time 8 and run for 24h at 25°C in 
a 12:12h light/dark cycle with constant red light (680 nm) illumination. Pairs 
were observed live with a video camera for the first 30 min, and then via time- 
lapse images with 2-min intervals for 24h. Images were scored for the time at 
which copulation events occurred. The time between male introduction and the 
onset of copulation was defined as the mating latency. 

For the competitive mating assays, two males or two females were placed in a 
plastic Petri dish as described above and exposed to a single Canton-S adult of the 
opposite sex. Upon mating, the genotype of the flies was determined by obser- 
vation under a dissecting microscope equipped with fluorescent illumination to 
determine the genotype of the mating pair. The control animals are GFP-positive 
andoe are GFP-negative. The Canton-S mating preference index was measured 
as the number of matings with oe flies minus the number of matings with 
control flies divided by the number of assays. 


30. Cobb, M., Connolly, K. & Burnet, B. Courtship behaviour in the melanogaster 
species sub-group of Drosophila. Behaviour 95, 203-230 (1985). 
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A secreted complement-control-related protein 
ensures acetylcholine receptor clustering 


Marie Gendrel'”, Georgia Rapti’, Janet E. Richmond’ & Jean-Louis Bessereau’” 


Efficient neurotransmission at chemical synapses relies on spatial 
congruence between the presynaptic active zone, where synaptic 
vesicles fuse, and the postsynaptic differentiation, where neuro- 
transmitter receptors concentrate. Diverse molecular systems 
have evolved to localize receptors at synapses, but in most cases, 
they rely on scaffolding proteins localized below the plasma 
membrane’’. A few systems have been suggested to control the 
synaptic localization of neurotransmitter receptors through extra- 
cellular interactions, such as the pentraxins that bind AMPA 
receptors and trigger their aggregation*. However, it is not yet 
clear whether these systems have a central role in the organization 
of postsynaptic domains in vivo or rather provide modulatory 
functions’. Here we describe an extracellular scaffold that is 
necessary to cluster acetylcholine receptors at neuromuscular 
junctions in the nematode Caenorhabditis elegans. It involves 
the ectodomain of the previously identified transmembrane 
protein LEV-10 (ref. 6) and a novel extracellular protein, LEV-9. 
LEV-9 is secreted by the muscle cells and localizes at cholinergic 
neuromuscular junctions. Acetylcholine receptors, LEV-9 and 
LEV-10 are interdependent for proper synaptic localization and 
physically interact based on biochemical evidence. Notably, the 
function of LEV-9 relies on eight complement control protein 
(CCP) domains. These domains, also called ‘sushi domains’, are 
usually found in proteins regulating complement activity in the 
vertebrate immune system’. Because the complement system 
does not exist in protostomes, our results suggest that some of 
the numerous uncharacterized CCP proteins expressed in the 
mammalian brain might be directly involved in the organization 
of the synapse, independently from immune functions. 
Ionotropic acetylcholine receptors (AChRs) are pentameric ligand- 
gated ion channels. In C. elegans, both heteromeric and homo- 
meric ionotropic AChRs are present at neuromuscular junctions. 
Heteropentameric AChRs are activated by the drug levamisole—a 
nematode-specific cholinergic agonist which causes muscle hypercon- 
traction and death of wild-type animals at high concentrations*’— 
and are inhibited by nicotine’. A second type of receptor, activated 
by nicotine and partially blocked by levamisole, is most likely 
composed of homomers of the ACR-16 subunit'*"*. Notably, distinct 
machineries have evolved to localize levamisole-sensitive hetero- 
meric AChRs (L-AChRs) and nicotine-sensitive homomeric AChRs 
(N-AChRs) at the synapse. LEV-10, a type 1 transmembrane protein 
with a large extracellular region comprising five CUB (complement, 
urchin EGF, BMP) domains and one LDLa (low-density lipoprotein 
receptor class A) domain, is required for the clustering of L-AChRs 
but not N-AChRs at the neuromuscular junction®. LEV-10 is 
expressed in muscle cells and co-localizes with L-AChRs at cholinergic 
neuromuscular junctions. When LEV-10 is absent, L-AChRs are 
expressed at levels similar to the wild type, correctly transported to 


the plasma membrane, but remain diffusely distributed at the surface 
of muscle cells. Interestingly, the synaptic localization of LEV-10 itself 
requires the expression of L-AChRs. Because the sole ectodomain of 
LEV-10 was demonstrated to be necessary and sufficient for the 
clustering activity of this protein, these results suggested a novel 
mechanism for AChR clustering relying on extracellular protein— 
protein interactions. 

To identify additional components of this clustering machinery, we 
searched for mutants with a phenotype similar to /ev-10(0) animals. 
lev-9 mutants were originally identified in a screen for resistance to 
levamisole after chemical mutagenesis of the wild-type N2 strain’. 
Additional lev-9 alleles were generated by insertional mutagenesis 
using the Drosophila transposon Mos! (refs 13, 14). Similar to 
lev-10(0) animals, all strains containing a mutation of the lev-9 locus 
became paralysed on 1 mM levamisole but were more resistant than 
the wild type on lower drug concentrations (Supplementary Fig. 1). 
lev-9 was identified as T07H6.5 based on genetic mapping, identifica- 
tion of seven independent mutations in this locus, and rescue experi- 
ments (Fig. la, b). The /ev-9 messenger RNA is trans-spliced to the 
splice leader SL1, 210 bp upstream of the start codon (Fig. 1a; see 
Methods). It encodes a predicted 622-amino-acid secreted protein 
containing a signal peptide followed by a WAP (whey acidic protein) 
domain and eight CCP modules (Fig. 1b and Supplementary Fig. 2). 
WAP domains are present in various known proteins implicated in 
cell migration and cell adhesion as well as in secreted proteins with 
antimicrobial activity'’. They seem to act mainly as proteinase inhibi- 
tors. However, animals with a deletion destroying the WAP domain 
are wild type, indicating that the WAP domain is not required for 
LEV-9 function (data not shown). CCP domains (also referred to 
as the ‘sushi domain’ and the ‘short consensus repeat’ SCR) are 
modules frequently found in regulators of complement activation in 
mammals’. The three-dimensional structure of numerous CCPs has 
been solved, showing that about 60 residues form a hydrophobic core 
wrapped by f-sheets held together by two strictly conserved disulphide 
bonds"®. As in LEV-9, CCPs are frequently arranged in a chain, joined 
by linking sequences of three to eight amino acids, and provide inter- 
acting surfaces for proteins or glycans. Proteins containing one amino- 
terminal WAP domain followed by CCP repeats could be identified in 
other nematodes, as well as insects and fishes (Supplementary Fig. 3), 
but none has a characterized function. 

To characterize the Jev-9 expression pattern, a green fluorescent 
protein (GFP) coding sequence preceded by a SL2 splice leader 
acceptor site was fused to the lev-9 genomic fragment. This construct 
behaves as an artificial operon and leads to the expression of lev-9 and 
gfp mRNAs in identical cells using lev-9 regulatory sequences. 
Transgenic /ev-9 mutants expressed GFP solely in body wall muscle 
cells (Fig. 1c) and were rescued for levamisole sensitivity (Fig. 1d). To 
confirm that /ev-9 expression in muscle was sufficient, we expressed a 
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Figure 1| lev-9 encodes a muscle-expressed 
protein containing a WAP domain and eight CCP 
domains. a, Structure of the lev-9 locus. Black 
boxes, coding regions; grey box, 5’ untranslated 
region; SL1, SL1 trans-spliced leader; black 
triangle, Mos] insertion; vertical black lines, point 
mutations. The starting codon is 141 bp upstream 
of the predicted ATG in Wormbase (WS200). 

b, LEV-9 is predicted to be a secreted protein. 
Horizontal black line, signal peptide; WAP, whey 
acidic protein domain; CCP, complement control 
protein domain; black triangle, Mos! insertion 
creating a premature STOP codon; vertical black 
line, point mutation resulting in the presence ofa 
premature STOP codon; black box, deletion. ¢, lev- 
9 is expressed in body wall muscle cells. An 
artificial operon containing a lev-9 genomic 
fragment and a gfp drives GFP expression in body 
wall muscle cells (white arrows). Nonspecific 
fluorescence in posterior gut cells (white asterisk) 
is thought to be an indirect consequence of the 
unc-54 3' untranslated region (UTR)”. A-P, 
anterior—posterior. Scale bar, 100 jum. d, A lev-9 
genomic fragment or a lev-9 cDNA expressed in 
body wall muscle rescues the mutant phenotype. 
Bar graphs represent the percentage of dead 
animals after overnight exposure to 1 mM 
levamisole. (mean + s.e.m., n = number of 
independent experiments, total number of tested 
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lev-9cDNA under the control of the muscle-specific promoter Pmyo-3 
and demonstrated the rescue of levamisole sensitivity ofa Jev-9 mutant 
(Fig. 1d). 

The primary sequence of LEV-9 predicts it to be a secreted protein. 
To test this prediction, we expressed a GFP—LEV-9 translational 
fusion in muscle. Fluorescence was detected in the pseudocoelomic 
cavity and in coelomocytes, six scavenger cells that filter the pseudo- 
coelomic fluid'’? (Supplementary Fig. 5). Therefore, we concluded 
that LEV-9 is effectively secreted from body-wall muscle cells. To 
analyse the subcellular localization of LEV-9, we took advantage of 
the recently developed MosTIC technique’* to knock-in a T7 epitope 


Anti-T7 


lev-9::T7 


Figure 2 | LEV-9 localizes at cholinergic neuromuscular junctions. 

a, b, Immunofluorescence staining using anti-T7 antibodies specifically 
detects the T7-LEV-9 fusion protein in a /ev-9 knock-in animal at the nerve 
ring (nr), the dorsal (dc) and the ventral (vc) nerve cord. Scale bar, 10 tum. 


Merge T7-LEV-9 VAChT 


WT 


animals is from 177 to 320). Transgenic lev-9 
animals have a wild-type (WT) phenotype when 
they contain the lev-9 genomic fragment, the same 
lev-9 genomic fragment in an artificial operon 
with gfp, or the lev-9 cDNA under the control of 
the muscle promoter Pmyo-3. 


tag sequence in the chromosomal lev-9 locus, just after the signal 
peptide (Supplementary Fig. 6). lev-9::T7 animals display a similar 
sensitivity to levamisole as wild-type animals. Immunofluorescence 
staining using anti-T7 antibodies specifically detected T7-LEV-9 as 
puncta distributed along the ventral and dorsal nerve cords and in the 
nerve ring where head muscles are innervated (Fig. 2a, b). These 
puncta were juxtaposed to cholinergic varicosities (Fig. 2c-e) and 
co-localized with L-AChR clusters (Fig. 2fh and Supplementary 
Fig. 7). Together these results indicated that LEV-9 is a protein 
secreted by muscle cells, which localizes at cholinergic neuromuscu- 
lar junctions, most probably in the synaptic cleft. 


lev-9::T7 


Merge T7-LEV-9 L-AChR 


c-e, T7-LEV-9 clusters (d) are juxtaposed to cholinergic boutons visualized by 
immunostaining of the vesicular ACh transporter (VAChT) UNC-17 (c). Scale 
bar, 10 um. f-h, T7—LEV-9 clusters (g) co-localize with L-AChR clusters 
visualized by immunostaining of the UNC-38 subunit (h). Scale bar, 10 um. 
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The reduced sensitivity of the Jev-9 mutants to levamisole suggested 
that disrupting Jev-9 impairs L-AChR function. Consistently, immu- 
nofluorescence staining of L-AChRs in /ev-9 mutants was no longer 
detectable along the ventral and the dorsal nerve cords (Fig. 3a, b) and 
only weak staining was observed in the nerve ring (data not shown). 
To characterize the expression of N-AChRs, we raised antibodies 
against the ACR-16 subunit. L- and N-AChRs co-localized in the wild 
type (Supplementary Fig. 8c—h). In contrast to L-AChRs, the distri- 
bution of the N-AChRs was unaltered in Jev-9 mutants (Fig. 3c, d), 
suggesting that cholinergic synapses still differentiate. In agreement 
with this hypothesis, the staining pattern of cholinergic boutons in 
lev-9 mutants was indistinguishable from wild-type animals (Fig. 3e, 
f). Because muscle cells also receive GABAergic innervation, we 
analysed the distribution of the muscle GABA, receptor UNC-49 
by immunofluorescence. In Jev-9 mutants UNC-49 was properly 
clustered as in the wild type (Fig. 3g, h). Hence, the loss of lev-9 
function causes a specific loss of L-AChRs at the synapse. Western 
blot analysis of fractionated worm extracts indicated that L-AChRs 
were expressed at similar levels in the wild type and lev-9 mutants 
(Fig. 3i). To test if L-AChRs were properly inserted in the plasma 
membrane and functional, we performed electrophysiological ana- 
lysis. Pressure ejection of levamisole on to voltage-clamped muscle 
cells elicited similar currents in the wild type and Jev-9 mutants 
(Fig. 3j). These data indicated that the overall number of functional 
L-AChRs in the plasma membrane of /ev-9 mutants was the same as in 
the wild type. To probe the synaptic population of L-AChRs, we 
stimulated motor neurons in the ventral nerve cord and recorded 
evoked currents in individual muscle cells. This analysis was 
performed in an wnc-49;acr-16 double mutant background to 
eliminate currents due to GABA receptor and N-AChR activation. 
In unc-49;acr-16;lev-9 triple mutants, the size of the evoked response 
was decreased by 84% compared with that of the double mutant 
unc-49;acr-16 (P= 0.0002; Fig. 3k). In addition, the time to peak 
and decay time of the evoked currents were increased in unc-49;acr- 
16;lev-9 as compared to unc-49;acr-16 mutants, in agreement with a 
diffuse distribution of L-AChRs. In contrast, N-AChR-dependent 
evoked currents recorded in unc-49;lev-9 and in unc-49 mutants did 
not reveal any significant difference (2,654 + 386 pA (n= 5) versus 
2,140 + 168 pA (n= 9), respectively; P = 0.18). In combination with 
immunostaining data, these results indicate that LEV-9 is specifically 
required for the clustering of L-AChRs at cholinergic synapses. 

Disrupting either lev-9 or lev-10 genes causes extremely similar 
phenotypes. Because LEV-9 is a secreted protein and LEV-10 func- 
tions through its ectodomain, both proteins might be part of the 
same extracellular clustering machinery. To test this hypothesis, we 
analysed the respective distribution of the two proteins by immuno- 
fluorescence. Double labelling of the lev-9::T7 knock-in strain using 
anti-T7 and anti-LEV-10 antibodies demonstrated that both proteins 
co-localized in discrete clusters (Fig. 4a—c). In lev-9(0x177) animals 
the LEV-10 synaptic clusters disappeared (Fig. 4d—g). However, 
western blot analysis of fractionated worm extracts indicated that 
LEV-10 was still expressed at a wild-type level in Jev-9 animals 
(Fig. 4h). These results were similar to those obtained in mutants 
lacking L-AChRs where LEV-10 was expressed but no longer detected 
at the synapse by immunofluorescence®’. Hence, the clustering of 
LEV-10 requires LEV-9 and L-AChRs at the neuromuscular junctions. 

We next analysed the distribution of LEV-9 in lev-10(kr26) and in 
unc-29(x29) null mutants. The T7—LEV-9 protein was no longer 
detectable in animals that did not express LEV-10 or L-AChRs 
(Fig. 4i-n). To quantify the overall amount of protein present in 
the different mutant backgrounds, we had to immunoprecipitate 
the T7-LEV-9 protein because it could not be detected simply by 
western blot experiments using worm extracts (data not shown). An 
approximately 68-kDa protein was specifically identified in lev-9::T7 
worm extracts using anti-T7 antibodies (Fig. 40), in agreement with 
the size predicted from the LEV-9 primary sequence. By contrast, T7— 
LEV-9 was undetectable in lev-10(kr26) and unc-29(x29) worm 
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Figure 3 | LEV-9 is specifically required to localize L-AChRs at the 
neuromuscular junction. a—h, The L-AChR UNC-29 subunit cannot be 
detected at the dorsal cord by immunostaining in the lev-9(0x177) mutant 
(b) as compared to wild type (a). The N-AChR distribution is not affected in 
lev-9(0x177) mutants based on ACR-16 immunostaining (c, d). Presynaptic 
cholinergic varicosities have a similar distribution in wild-type (e) and lev- 
9(o0x177) mutants (f). Immunostaining of the GABA receptor at 
neuromuscular junctions using anti- UNC-49 antibody reveals a similar 
distribution in wild-type animals (g) and in lev-9(0x177) mutants (h). Scale 
bar, 10 um. i, L-AChRs are expressed at similar levels in wild-type and lev-9 
mutants based on western blot analysis. UNC-29 levels were normalized to 
VHA-5, the VO ‘a’ subunit of the vacuolar proton-translocating ATPase” 
(percentage of wild-type levels in lev-9(0x177) and lev-9(x62) was 

124 + 32% (n = 2) and 116 + 45% (n = 2), respectively; mean + absolute 
deviation). j. L-AChRs are functional in lev-9 mutants. Currents recorded 
from voltage-clamped body-wall muscles in response to pressure ejection of 
levamisole are similar in wild type and lev-9(0x177) mutants. Black arrows 
mark the 100-ms application onset for 5 X 10~*M levamisole. Error bars 
indicate mean of levamisole-elicited current amplitude plus s.e.m.; N2, 

n = 11; lev-9(0x177), n = 5. k, L-AChRs are specifically reduced at 
cholinergic synapses. Evoked currents recorded in a body-wall muscle after 
eliciting neurotransmitter release by ventral nerve cord depolarization are 
strongly reduced in lev-9(0x177) mutants compared to wild-type animals. 
Experiments were performed in an unc-49(e407);acr-16(0k789) background 
to eliminate currents due to GABAR and N-AChR activation, respectively. 
Error bars indicate mean of evoked response amplitude plus s.e.m.; lev-9(+), 
n = 11; lev-9(0x177), n = 6. Time to peak and decay time were increased in 
unc-49;acr-16;lev-9 as compared to unc-49;acr-16 (6.45 + 0.6 ms (n = 6) 
versus 4.2 + 0.3 ms (n = 7), P= 0.0035, and 22.4 + 2.6 ms (n = 6) versus 
4.3 + 0.6 ms (n = 7), P = 0.0001, respectively), in agreement with a diffuse 
distribution of L-AChRs. 
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Figure 4 | LEV-9 and LEV-10 are interdependent for proper localization of 
L-AChRs. a—c, LEV-10 immunostaining in the dorsal cord (a) of a lev-9::T7 
knock-in animal shows that T7—LEV-9 clusters (b) co-localize with LEV-10 
(c). Scale bar, 10 um. d—g, LEV-10 clusters (d) are not detected in the lev-9 
mutant background (e). Immunostaining of the vesicular ACh transporter 
(VAChT) UNC-17 indicated that presynaptic differentiation is similar in 
wild type (f) and in lev-9 mutants (g). Scale bar, 10 um. h, LEV-10 is 
expressed at wild-type levels in Jev-9 mutants based on western blot analysis 
of total worm extracts. In lev-9(0x177) and in lev-9(x62), levels of LEV-10 
were similar to those in the wild type (107 + 31% (n = 3) and 120 + 46% 
(n = 3), respectively; mean + s.e.m.).i-n, T7—LEV-9 is no longer clustered in 
lev-10(kr26) (j) or unc-29(x29) (k) mutant backgrounds. Immunostaining 
of the VAChT UNC-17 shows that presynaptic terminals are still correctly 
formed in all mutant backgrounds (I-n). Scale bar, 10 um. 0, T7—LEV-9 
immunoprecipitation on total extracts of wild type or lev-9::T7 knock-in 
animals in wild-type, lev-10(kr26) and unc-29(x29) backgrounds. The 
T7-LEV-9 protein has an apparent molecular mass of 68 kDa. Black arrows, 
n = 2 independent experiments; blue arrows, nonspecific (NS) bands. 


extracts, although Jev-9 mRNA levels were unchanged and GFP- 
LEV-9 was still secreted (not shown). These data, therefore, indicated 
that LEV-9, LEV-10 and L-AChRs are interdependent for synaptic 
localization. Unlike LEV-10 and L-AChRs, the levels of which remain 
unaltered when they fail to be concentrated at synapses, LEV-9 is 
probably degraded in the pseudocoelomic cavity when it cannot 
interact with LEV-10 and L-AChRs at the synapse. 

To test if the three proteins LEV-9, LEV-10 and L-AChRs might 
assemble in one multi-molecular complex, we first used an alkaline 
phosphatase (AP)—-LEV-9 fusion protein produced in HEK cells to 
probe Drosophila S2 cells expressing a LEV-10-—GFP fusion protein. 
AP-LEV-9 specifically bound to cells expressing LEV-10 as reflected 
by quantitative measurement of AP activity (Fig. 5a), indicating that 
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Figure 5 | LEV-9 physically interacts with LEV-10 and LEV-10 physically 
interacts with L-AChR. a, An alkaline phosphatase (AP)—LEV-9 fusion 
protein produced in HEK cells was used to probe S82 cells expressing the LEV- 
10—GFP fusion protein. Binding between LEV-9 and LEV-10 was monitored 
using the fluorogenic alkaline phosphatase substrate p-nitrophenyl 
phosphate. AP activities are normalized to the values obtained using 
AP-LEV-9 in combination with LEV-10—GFP (mean + s.e.m., 1 = 4 
independent experiments). AP alone and non-transfected S2 cells were used 
for controls. b, Immunoprecipitation of UNC-63-YFP using anti-GFP 
antibodies was followed by western blot to detect LEV-10. A specific LEV-10 
signal is detected in the immunoprecipitation products of unc-63::yfp but 
not wild-type worm extracts (n = 2 independent experiments). 


LEV-9 and LEV-10 can interact directly. Next, we performed immu- 
noprecipitation experiments to test the interaction between LEV-10 
and L-AChRs. To circumvent the lack of suitable antibodies for 
immunoprecipitation, we again used homologous recombination 
to introduce the yfp sequence in the chromosomal region coding 
for the TM3-—TM4 intracellular loop of the L-AChR UNC-63 sub- 
unit. The UNC-63—YFP subunit localized properly at the synapse and 
was expressed at levels similar to the wild type based on electro- 
physiological analysis (Supplementary Fig. 9). Anti-GFP antibodies 
co-immunoprecipitated LEV-10 and L-AChRs from unc-63::yfp but 
not wild-type extracts (Fig. 5b), demonstrating that both proteins 
interact in a stable complex in vivo. 

Altogether, our data suggest that LEV-9 and LEV-10 form an 
extracellular scaffold critical for localizing L-AChRs at the synapse, 
but they are dispensable for normal expression and insertion of the 
receptors in the plasma membrane. The presence of extrasynaptic 
L-AChRs in Jev-10 mutants was independently confirmed recently 
using the patch-clamp technique”. In this study, no L-AChRs could 
be detected in membrane patches from muscle cell bodies of wild- 
type animals, which are exclusively extrasynaptic, whereas active 
L-AChRs were detectable in similar membrane patches from lev-10 
mutants. On the basis of the multi-modular structure of LEV-9 and 
LEV-10, both proteins are likely to engage multiple interactions in 
this scaffold. LEV-10 interacts directly with LEV-9 and might also 
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interact with L-AChRs as LEV-10 and L-AChRs can be immunopre- 
cipitated in vivo. Such a direct interaction could resemble the direct 
association of CUB-domain-containing proteins similar to LEV-10 
with ionotropic receptors, such as the C. elegans SOL-1 with GLR-1 
(ref. 20) and the mouse NETO] and NETO2 with NMDA (N- 
methyl-p-aspartate) and kainate receptors, respectively”!”’. 

The function of LEV-9 relies on a series of CCP domains, which 
have been mainly described in proteins of the complement system, 
either in regulators of complement activity or in components of the 
proteolytic cascade”**. However, a growing number of CCP proteins 
do have a documented neuronal function. For example, Hikaru genki 
(Hig) is a secreted Drosophila protein containing four CCP domains 
which was detected in the synaptic cleft in the neuropile and pro- 
posed to modulate synapse physiology*”*. More recently, mutations 
in the human gene SRPX2, which encodes a secreted protein with 
three CCP domains and an immunoglobulin-related domain, were 
demonstrated to cause rolandic seizures associated with oral and 
speech dyspraxia and mental retardation”. Altogether, out of 52 
genes encoding predicted CCP-domain-containing proteins in the 
mouse genome, 24 are expressed in the central nervous system based 
on the Brain Allen database. Because the complement system does 
not exist in protostomes”’, our results suggest that neuronal func- 
tions remain to be identified for these proteins in the mammalian 
brain apart from regulation of the immune system. 


METHODS SUMMARY 

MosTIC experiments. Generation of the KI strains was done as previously 
described'*”*. Germline expression of the Mos transposase in animals containing 
the Mos! transposon triggers its excision and causes a DNA double-strand break 
at the excision site. The break can then be repaired by homologous recombina- 
tion using a repair template containing sequence homologous to the broken 
locus provided on an extrachromosomal transgenic array. PCR screening iden- 
tifies animals that inserted the sequence present in the repair template into the 
locus (Supplementary Fig. 6). 

For generation of the lev-9::T7 KI strain, lev-9(0x177::Mos1) animals were 
injected with a mixture of pJL44 (hsp-16.48::MosTase), pMG22 (repair template) 
and pPD118.33 (Pmyo-2::gfp). After transgenic lines were established, transgenic 
animals were heat-shocked and MosTIC events were screened by PCR as 
described’*”* using primers 5’-GCTAGCATGGCTTCTATGAC-3’ and 5'-TTT 
CTGGGTATTTTGAGTGG-3’ for the first PCR (1.5 mM MgCl; annealing time, 
30s; annealing temperature, 62°C) and primers 5’-GAGGACAGCAGA 
TGGGAGTC-3’ and 5’-TGTGGATATATTGCGGTTGC-3’ for the nested 
PCR (2.5 mM MgCl; annealing time, 1 min; annealing temperature, 62 °C). 

For the unc-63::yfp KI strain, transgenic unc-63(kr19::Mos1) animals containing 
the unc-63 repair template and pJL44 were generated as described above. After 
heat-shock, animals were allowed to recover overnight at 20 °C. Pools of 10 PO 
worms were transferred to fresh plates every 12—24h for 2 days to synchronize 
their progeny. unc-63(kr19::Mos1) animals show mild uncoordination. To isolate 
MosTIC events, we screened for individuals with wild-type locomotion and wild- 
type sensitivity to levamisole. Individual candidates were cloned and wild-type 
phenotypes were confirmed. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

General methods and strains. Strains were maintained at 20 °C on NG agar plates 
under standard conditions*’. OP50 Escherichia coliwas used for feeding, except for 
strains used for biochemistry, which were maintained on enriched peptone plates 
with HB101 E. coli for feeding. The wild-type reference strain was N2 Bristol. The 
following mutant alleles were used in this study: lev-9(0x177::Mos1), lev-9(x66), 
lev-9(x62), — lev-9(x16), — lev-9(kr107::Mos1), — lev-9(kr104), —_ lev-9(kr108), 
lev-9(kr184::T7), lev-10(kr26::Mos1), unc-29(x29), unc-38(x20), acr-16(o0k789), 
lin-15(n765ts), unc-49(e407), unc-49(e407);acr-16(0k789), unc-49(e407);acr- 
16(0k789);lev-9(0x177), unc-29(x29);lev-9(kr184::T7), lev-10(kr26::Mos1);lev- 
9(kr184::T7), lev-9(0x177::Mos1) lin-15(n765ts), unc-63(kr19::Mos1 sd), unc- 
63(kr98::yfp). 

The following transgenic lines were generated for this study: (1) in lev-9(x66): 
krEx231 | Plev-9(big)::lev-9;Pmyo-3::rfp;Prab-3::gfp|; krEx232 and krEx233 
| Plev-9(small)::lev-9;Pmyo-3::gfp;Prab-3::gfp]. (2) In lev-9(0x177): krEx245 and 
krEx246 [Pmyo-3::lev-9(cDNA)-gfp;Pmyo-2::gfp]; krEx371, krEx372 and krEx373 
[lev-9 MosTIC fragment with T7 insertion;Pmyo-2::gfp;Phsp::MosTransposase]. 
(3) In lev-9(0x177) lin-15(n765ts): krEx247 and krEx248 | Pmyo-3::lev-9(cDNA)- 
gfplin-15(+ )]; kr289 and kr290 | Pmyo-3::gfp-lev-9(cDNA);pEKL15 lin-15(+ )]; 
krEx402, krEx403 and krEx404 | Plev-9(small)::lev-9-SL2-gfp, pEKL15 lin-15(+ )]. 
(4) In unc-63(kr19): krEx227 |[pGR06 (MosTIC template unc-63.rep.venus);Pmyo- 
2::gfp;Phsp::MosTransposase] . 

Plasmid construction and PCR amplification. For Plev-9(big)::lev-9, a 6-kb 
genomic fragment corresponding to C. elegans TO7H6.5 was PCR-amplified 
from N2 genomic DNA using Taq polymerase (Invitrogen) (primers 5'- TCTG 
CAAATCACCTGAACACA-3’ and 5'-GGGGAAACAGTTCTGAAATAGC-3’). 

For Plev-9(small)::lev-9, a 5.7-kb genomic fragment corresponding to C. ele- 
gans T07H6.5 was PCR-amplified from N2 genomic DNA using Taq polymerase 
(Invitrogen) (primers 5’-TGAAAGTAAATGAAAAATCTTGCTG-3’ and 5'-GG 
GGAAACAGTTCTGAAATAGC-3’) . 

For pMG11, Pmyo-3::lev-9(cDNA)-gfp, lev-9 cDNA was cloned by RT-PCR 
using (1) primers 5’-CGCACGTGACCGGTATGCGATTTCTACTACTACTC 
G-3' and 5'-TCTTCTCTGACTGGCACCAA-3’ and (2) primers 5'-CGCACGT 
GTCGGCCCTATCTTGTCCGGA-3’ and 5’-CGTCTAGAAAGGTACCGAGCT 
CACAGACCGAGACTCCATTGTC-3’. Phusion polymerase (Promega) was 
used. These PCR fragments were cloned in pPD115.62 using restriction sites 
Agel, Spel and Kpnl. 

For pMG12, Pmyo-3::lev-9SP-Nhel-Sall-lev-9, the lev-9 SP (signal peptide) 
was PCR-amplified from pMG11 using 5'-CCACTAGATCCATCTAGAGG-3’ 
and 5'-CGGTCGACGCTAGCTAGTAGGGCCGACGCGTAGGTAATGG-3’ 
(fragment 1). lev-9 cDNA without SP was PCR-amplified from pMG11 using 
5'-CGGTCGACTCTTGTCCGGAAGTTACTCT-3’ and 5’-CGGAATTCGAGC 
TCTCAACAGACCGAGACTCCATTGTC-3’ (fragment 2). Fragment 1 was 
digested by Xbal and Sall, and fragment 2 was digested by Sall and EcoRI. 
These two digested fragments were ligated together into pPD115.62 digested 
by Xbal and EcoRI. PCRs were done using Phusion polymerase (Promega). 

For pMG13, Pmyo-3::lev-9SP-gfp-lev-9, GFP was PCR-amplified from 
pPD115.62 using 5’-GCGCTAGCAAAGGAGAAGAACTTTTCACTG-3’ and 
5'-GCGTCGACTTTGTATAGTTCATCCATGCCA-3’. The PCR fragment was 
cloned in pMG12 using restriction sites NheI and SalI. PCR was done using 
Phusion polymerase (Promega). 

For pMG22, lev-9::T7 (MosTIC repair template for lev-9 KI), the two primers 
5'-CTAGCATGGCTTCTATGACCGGAGGACAGCAGATGGGAG-3’ and 5'-TC 
GACTCCCATCTGCTGTCCTCCGGTCATAGAAGCCATG-3' were hybridized 
in a 50mM NaCl 5mM MgCl buffer. The resulting fragment was subcloned in 
pMG12 using restriction sites Nhel and SalI to generate pMG20. A 3.6-kb genomic 
fragment around the Mos! insertion site of 0x177 was PCR-amplified from N2 
genomic DNA using Phusion polymerase (Promega) (primers 5’-GCGAAGCT 
TCACCAGCGAACGAAACTGACT-3’ and 5’-CGCGGTATACGCGTCTAACAA 
AAGGGGACA-3'). The PCR fragment was cloned in pATHScCRE using the 
restriction sites HindIII and Bst11071 to generate pMG21. pMG22 was obtained 
by subcloning a EagI—Mlul fragment from pMG20 into pMG21. The sequence 
coding for the T7 tag (MASMTGGQQMG) was inserted at a position correspond- 
ing to residue 17 in LEV-9. 

For pGR06, unc-63::venus (MosTIC repair template for unc-63 KI), the unc-63 
3’ UTR was PCR-amplified from N2 genomic DNA using Phusion polymerase 
(Promega) (primers 5'-ATCGATCCCCAACAACACAT-3’ and 5’-AGCG 
GCCGCCGTAAGCTACCGGATTTCCA-3’) and inserted in pAF67** using the 
restriction sites PstI and NotI to generate pGRO1. Two unique restriction sites, 
BglII and Nhel, were inserted in the unc-63 gene coding sequence to generate 
pGR02. The venus sequence optimized for expression in C. elegans was PCR- 
amplified from a venus vector (gift from D. Y. M. Coudreuse)*’ using Phusion 
polymerase (Promega) (primers 5’'-ATAAGATCTAAAGGAGAAGAACTTTT 
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CACTGG-3' and 5'- AGCTAGCTTTGTATAGTTCATCCATGCCAAG-3’). 
The venus sequence was inserted in-frame with unc-63 using the BglII—Nhel 
restriction sites in pGRO2, at a position corresponding to residue 383 in the 
TM3-TM4 loop (pGR04). The repair template pGR06 was generated by internal 
deletion of pGR04 by Acc651 and Bsp1201 digestion and self-religation. 

For pMG23, Plev-9(small)::lev-9-SL2-gfp, a 5.7-kb genomic fragment corres- 
ponding to C. elegans TO7H6.5 was PCR-amplified from N2 genomic DNA using 
Phusion polymerase (Promega) (primers 5’-CGGCATGCGGGGAAACA 
GTTCTGAAATAGC-3’ and 5’-CGGGTACCTCAACAGACCGAGACTCCAT 
TG-3’). This PCR fragment was cloned in pEXPR gcy-32-egl-2(gf) (gift from 
M. de Bono) at the restriction sites SphI and Kpnl. 

For pMG26, PMT-lev-10-egfp, lev-10 cDNA was PCR-amplified using 
Phusion polymerase (Promega) using 5'-CGCGATATCATGCATTTGATC 
TACCTATTC-3’ and 5'-CGCGCTCGAGAGCATACATATCACGCGATG-3’' 
from pCG034° (fragment 1). eGFP was PCR-amplified using Phusion polymer- 
ase (Promega) from pIRES2-eGFP (5’-GCGCTCGAGATGGTGAGCAAGGGC 
GAGGAG-3’ and 5'’-CGCGGGTACCTTACTTGTACAGCTCGTCC-3’) (frag- 
ment 2). Fragment 1 was digested by EcoRV and Xhol, and fragment 2 was 
digested by XhoI and KpnI. The digested fragments were then ligated together 
into pMT-GAL4 digested by EcoRV and KpnI (MT stands for metallothionein 
promoter). 

For pMG27, pCMV::T7-AP-lev-9(cDNA)-myc-his, lev-9 cDNA was PCR- 
amplified using Phusion polymerase from pMG11 (5’-GGCTCGAGCTATCTT 
GTCCGGAAGTTAC-3’ and 5’-GCTCTAGAGAACAGACCGAGACTCCAT 
TG-3') (fragment 1). Hybridization of the two primers 5’-AGCTTTAATGG 
CTTCTATGACCGGAGGACAGCAGATGGGAA-3' and 5’-GATCTTCCCA 
TCTGCTGTCCTCCGGTCATAGAAGCCATTAA-3’ was done in a 50mM 
NaCl, 5mM MgCl, buffer (fragment 2). Fragment 1 was digested by Xhol and 
Xbal and cloned into APtag-5 (ref. 34) to generate pMG25. Fragment 2 was 
digested by HindIII and BglII and subcloned into pMG25. 

Germline transformation. Transformation was performed by microinjection of 
plasmid DNA into the gonad*. 

For lev-9(x66) rescue, animals were injected with a DNA mixture containing 
the large lev-9 genomic fragment (5 ng pl), pAF75 (Pmyo-3::rfp; 10 ng wl’), 
pHU4 (Prab-3::gfp; 20 ng ll!) and 1 kb* DNA ladder (Invitrogen; 65 ng wl’), 
or a small lev-9 genomic fragment (1ngul'), pPD115.62 (Pmyo-3::gfp; 
5ngul'), pHU4 (Prab-3::gfp; 20 ng pl!) and 1 kb* DNA ladder (Invitrogen; 
74ng ul '). 

For the expression pattern, pMG23 (Plev-9(small)::lev-9-SL2-gfp) was injected 
either in lev-9(ox177) at 10ng ul! with pAF75 (Pmyo-3::rfp; 10 ng ul‘) as co- 
injection marker and 1 kb* DNA ladder (Invitrogen; 80ng ul‘) or in lev- 
9(0x177) lin-15(n765ts) at 1ng ul! with pEKL15 (lin-15(+); 99 ng ul‘). 

For tissue-specific rescue, pMG11 (Pmyo-3::lev-9(cDNA)-gfp) was injected 
either in lev-9(0x177) at 10ngul' with pPD118.33 (Pmyo-2::gfp; 10 ng ul!) 
as co-injection marker and 1 kb* DNA ladder (Invitrogen; 80 ng ul‘) or in lev- 
9(0x177) lin-15(n765ts) at 1 ng ul? with pEKL15 (lin-15(+ ); 80 ng ul?) as co- 
injection marker. pMG13 (Pmyo-3::lev-9SP-gfp-lev-9(cDNA without SP)) was 
injected in lev-9(ox177) lin-15(n765ts) at 10 ng ul! with pEKL15 (lin-15(+ ); 
90 ng wl). 

For MosTIC experiments, pMG22 (lev-9 repair template) was injected in lev- 
9(0x177) either at 50ng ul’ or at 25ngul | with pPD118.33 (Pmyo-2::GFP; 
5ngul_') as co-injection marker and pJL44 (hsp-16.48::transposase; 50 ng ull‘). 
pGR06 (unc-63 repair template) was injected at 10ngul_' with pPD118.33 
(Pmyo-2::gfp; 5 ng pl!) as co-injection marker and pJL44 (hsp-16.48::transpo- 
sase; 50 ng pl 4). 

Levamisole resistance assay. (—)-Tetramisole (Sigma) was dissolved in water 
and added to 55 °C-equilibrated NG agar at a concentration of 0.2 mM, 0.4 mM, 
0.6 mM, 0.8 mM or 1 mM just before plates were poured. For the 1 mM levami- 
sole overnight exposure assay, young adult worms were placed overnight at 20 °C 
on 1 mM levamisole plates seeded with OP50 E. coli. Surviving animals were then 
scored. For the levamisole dose response curve, young adult worms were scored 
blind for paralysis after a 2h exposure to different levamisole concentrations. 
The plates were tapped ten times on the bench before scoring animals moving the 
distance of at least one body length. 

MosTIC experiments. Generation of the KI strains was done as previously 
described'*”*. 

For generation of the lev-9::T7 KI strain, lev-9(0x177::Mos1) animals were 
injected with a mixture of pJL44 (hsp-16.48::MosTase), pMG22 (repair template) 
and pPD118.33 (Pmyo-2::gfp). After transgenic lines were established, transgenic 
animals were heat-shocked and MosTIC events were screened by PCR as 
described’*** using primers 5'-GCTAGCATGGCTTCTATGAC-3’ and 5’-TTT 
CTGGGTATTTTGAGTGG-3’ for the first PCR (1.5 mM MgCL,; annealing time, 
30s; annealing temperature, 62°C) and primers 5'-GAGGACAGCAGATG 
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GGAGTC-3’ and 5'-TGTGGATATATTGCGGTTGC-3’ for the nested PCR 
(2.5mM MgCL,; annealing time, 1 min; annealing temperature, 62 °C). 

For the unc-63::yfp KI strain, transgenic unc-63(kr19::Mos1) animals contain- 

ing the unc-63 repair template and pJL44 were generated as described above. 
After heat-shock, animals were allowed to recover overnight at 20 °C. Pools of 10 
PO worms were transferred to fresh plates every 12—24 h for 2 days to synchronize 
their progeny. unc-63(kr19::Mos1) animals show mild uncoordination. To isol- 
ate MosTIC events, we screened for individuals with wild-type locomotion and 
wild-type sensitivity to levamisole. Individual candidates were cloned and wild- 
type phenotypes were confirmed. 
Antibody production. For anti- UNC-38 antibodies, a DNA fragment encoding 
UNC-38 amino acids 375-418 was inserted into pGEX-3X. The glutathione 
S-transferase (GST)—-UNC-38 fusion protein was expressed in E. coli and puri- 
fied. Rabbits were injected with 100 tg of fusion protein and boosted three times 
with 100 pg each. Antibodies were then purified as previously described** using 
fusion protein GST-UNC-38 blotted on nitrocellulose. 

For anti-ACR-16 antibodies, a DNA fragment encoding ACR-16 amino acids 
348-459 was inserted into pATHSc. The histidine (His)—ACR-16 fusion protein 
was expressed using BL21(DE3)pLysS bacteria and purified. Guinea-pigs were 
injected with 50 tg of fusion protein and boosted three times with 50 jg each. 
Antibodies were then purified as previously described** using fusion protein 
His—ACR- 16 blotted on nitrocellulose. 

Antibodies against UNC-49, UNC-29 and LEV-10 were produced as prev- 

iously described”. 
Immunocytochemical staining. Worms were prepared using the freeze-crack 
method described previously** using SuperFrost slides (Menzel-Glaser) and then 
fixed either in —20 °C methanol for 5 min and in —20 °C acetone for 5 min or in 
PFA 4% (paraformaldehyde) for 15 min when using anti-T7 antibodies. Worms 
were then collected in PBS 1X and immunofluorescence staining was performed 
on fixed nematodes in suspension. Samples were blocked for 30 min at room 
temperature with 0.2% gelatine from fish (Sigma). Anti- UNC-49 antibodies 
were used at a 1:800 dilution. Anti- UNC-38 antibodies were used at a 1:800 
dilution. Anti-ACR-16 antibodies were used at a 1:100 dilution. Anti-GFP 
monoclonal antibodies (Roche) were used at a 1:500 dilution. Incubations were 
done overnight at 4°C. 

For double-labelling experiments, procedures were optimized for the combina- 
tion of proteins to detect. Anti- UNC-17 monoclonal antibodies” were used at a 
1:3,000 dilution and incubated for 1 h at room temperature, and after a 1 h wash, 
either anti- UNC-29 (1:800) or anti-LEV-10 antibodies were incubated overnight 
at 4°C. Anti- UNC-38 antibodies or rabbit anti-GFP (Molecular Probes; 1:500) 
were incubated overnight at 4 °C, and after a 1h wash, anti- UNC-17 antibodies 
were incubated 1h at room temperature. Anti- UNC-38 or anti- UNC-29 were 
incubated overnight at 4°C, then after 1h of washing anti-GFP monoclonal 
antibodies were incubated for 1h at room temperature. Anti-ACR-16 and anti- 
UNC-38 antibodies or anti-ACR-16 and anti- UNC-49 antibodies were incubated 
together overnight at 4 °C. Anti-T7 monoclonal antibodies (Novagen) were used 
at a 1:500 dilution and were incubated overnight at 4°C. For double-labelling 
experiments, mouse anti-T7 and anti- UNC-38 antibodies, mouse anti-T7 and 
anti-LEV-10 antibodies, and rabbit anti-T7 (Genetex; 1:1,000) and anti- UNC-17 
antibodies were incubated together overnight at 4 °C. 

Secondary antibodies included Cy3-labelled goat anti-rabbit IgG (H+L) 
(Jackson ImmunoResearch Laboratories) used at a 1:1,000 dilution, Cy3-labelled 
goat anti-guinea-pig IgG (H+L) (Jackson ImmunoResearch Laboratories) 1:1,000, 
Alexa-488-labelled goat anti-mouse (Molecular Probes) 1:500, Alexa-488-labelled 
goat anti-rabbit IgG (H+L) (Molecular Probes) 1:2,000, and Cy3-labelled goat 
anti-mouse IgG (H+L) (Jackson ImmunoResearch Laboratories) 1:1,000. 
Electrophysiological studies. Electrophysiological methods were as previously 
described***'. Animals were immobilized with cyanoacrylic glue and a lateral 
cuticle incision was made exposing the ventral medial body wall muscles. Muscle 
whole-cell voltage-clamp recordings were obtained at a holding potential of 
—60mV using an EPC-10 patch-clamp amplifier and digitized at 1 kHz. The 
extracellular solution consisted of (in mM): NaCl 150, KCl 5, CaCl, 5, MgCl, 
4, glucose 10, sucrose 5, HEPES 15 (pH 7.3, ~340 mOsm). The patch pipette was 
filled with (in mM): KC] 120, KOH 20, MgCl, 4, N-tris[ hydroxymethyl] methyl- 
2-aminoethane-sulphonic acid 5, CaCl, 0.25, Na’ATP 4, sucrose 36, EGTA 5 
(pH 7.2, ~315 mOsm). Data were acquired using Pulse software (HEKA) run on 
a Dell computer. Subsequent analysis and graphing were performed using 
Pulsefit (HEKA), Mini analysis (Synaptosoft Inc.) and Igor Pro (Wavemetrics). 
Protein extraction and western blotting. A mixed stage population of worms 
(2 ml) was frozen at —80 °C until use. For extraction, worm pellets were ground 
under liquid nitrogen and thawed in an equal volume of ice-cold homogenization 
buffer (50 mM HEPES pH 7.7, 50 mM KCI, 2 mM MgCl, 250 mM sucrose, 1 mM 
EDTA pH 8, 2mM PMSF and two tablets of complete Protease inhibitor cocktail 
(Roche) in 50 ml). The suspension was further homogenized by sonication and 
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centrifuged at 5,800g for 12 min at 4°C to remove worm debris. The low speed 
supernatant (LSS) was either kept to detect the presence of LEV-10 protein or 
centrifuged at 100,000g for 1h at 4°C to produce a high speed pellet (HSP). The 
HSP was then dissolved in 100-500 uL of resuspension buffer (10 mM Tris pH 8, 
0.1% Triton X-100, 1 mM EDTA pH 8). UNC-29 protein was detected within the 
HSP fraction. Western blot experiments were performed as described*. 
Immunoprecipitation and western blotting. For GFP immunoprecipitation, 
the LSS, obtained as described above, was brought up to 15 ml with homogen- 
ization buffer supplemented with 100 mM NaCl and 1% Triton X-100, to which 
50 ul of agarose-conjugated anti-GFP beads (MBL) was added. After overnight 
incubation at 4 °C, beads were sedimented and washed once in 50 mM HEPES 
pH7.7, 100 mM NaCl, 50 mM KCl, 2 mM MgCl, 250 mM sucrose, 1 mM EDTA, 
1% Triton X-100, and once in 50mM HEPES pH7.7, 50mM NaCl. Proteins 
were eluted in Laemmli buffer and analysed by western blot as above. LEV-10 was 
detected using anti-LEV-10 antibodies (dilution 1:250). 

For T7 immunoprecipitation, a mixed stage population of worms (2 ml) 

was cleaned using sucrose floatation and frozen at —80°C before use. Worm 
lysate was generated as above except the homogenization buffer contained 
50mM Tris pH8 (instead of HEPES), 150mM NaCl and 5mM EDTA. The 
lysate volume was brought up to 15 ml with homogenization buffer supple- 
mented with 1% Triton X-100, 1% SDS and 1% deoxycholate and mixed for 
6h at 4°C. Afterwards, the suspension was centrifuged at 5,800g for 12 min at 
4°C to remove worm debris. A total of 5 ul of rabbit anti-T7 antibodies 
(MBL) were incubated with the supernatant overnight at 4 °C. Protein G 
sepharose beads (Sigma) were then added and mixed for 1h at 4°C. Beads 
were sedimented and washed three times with the homogenization buffer 
containing the detergents and three times with 50mM HEPES pH7.7, 
50mM NaCl. Proteins were eluted in Laemmli buffer and analysed by western 
blot as above. T7—LEV-9 was detected using anti-T7 monoclonal antibodies 
(Novagen; dilution 1:10,000). 
Binding assays. S2 cells were maintained in Schneider’s Drosophila medium 
(Invitrogen) with 10% FBS. pMG26 (PMT-lev-10-gfp) was transfected into $2 
cells with Lipofectamine (Invitrogen). Twenty-four hours after transfection, the 
metallothionein (MT) promoter was activated by adding CuSO, at a 700 uM 
final concentration. 

For AP-LEV-9 production, pAPtag-5 (pCMV::AP-myc-his) and pMG27 
(pCMV::T7-AP-lev-9-myc-his) were transfected into HEK293T cells with 
Lipofectamine (Invitrogen). Three days after transfection, supernatants of cul- 
tured cells were collected and concentrated using iCON concentrator 9K (Pierce) 
devices. The relative amount of AP fusion protein contained in the supernatant 
was evaluated using phosphatase substrate (p-nitrophenyl phosphate; Sigma) 
turning yellow in the presence of AP and that can be read spectrophotometrically 
at 405 nm. 

Quantitative assays were performed as described™. In brief, concentrated HEK 
supernatants were applied to S2 cells for 90 min. The presence of AP on S2 cells was 
detected by scraping cells and measuring AP activity using p-nitrophenyl phosphate. 
Microscopy. Animals were anaesthetized with M9 buffer containing 3.8 mM tri- 
caine, 0.42 mM tetramisole and 20mM sodium azide, mounted on 1X M9, 2% 
agarose pads, and examined using either a Leica SP2 confocal microscope or a Leica 
5000B microscope and spinning disk CSU10 (Yokogawa). Immunofluorescence 
staining was examined under the Leica 5000B microscope. Image reconstruction 
and merges were obtained with Image J. 
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Spatiotemporal control of cell signalling using a 
light-switchable protein interaction 


Anselm Levskaya’””, Orion D. Weiner’*, Wendell A. Lim’? & Christopher A. Voigt!” 


Genetically encodable optical reporters, such as green fluorescent 
protein, have revolutionized the observation and measurement of 
cellular states. However, the inverse challenge of using light to 
control precisely cellular behaviour has only recently begun to 
be addressed; semi-synthetic chromophore-tethered receptors’ 
and naturally occurring channel rhodopsins have been used to 
perturb directly neuronal networks”’. The difficulty of engineer- 
ing light-sensitive proteins remains a significant impediment to 
the optical control of most cell-biological processes. Here we demon- 
strate the use of a new genetically encoded light-control system 
based on an optimized, reversible protein-protein interaction from 
the phytochrome signalling network of Arabidopsis thaliana. 
Because protein-protein interactions are one of the most general 
currencies of cellular information, this system can, in principle, be 
generically used to control diverse functions. Here we show that this 
system can be used to translocate target proteins precisely and 
reversibly to the membrane with micrometre spatial resolution 
and at the second timescale. We show that light-gated translocation 
of the upstream activators of Rho-family GTPases, which control the 
actin cytoskeleton, can be used to precisely reshape and direct the 
cell morphology of mammalian cells. The light-gated protein— 
protein interaction that has been optimized here should be useful 
for the design of diverse light-programmable reagents, potentially 
enabling a new generation of perturbative, quantitative experiments 
in cell biology. 

A quantitative understanding of living cells will require methods to 
perturb and control the activities of their constituent proteins at fine 
spatial and temporal resolutions. By measuring responses to precise 
perturbations, predictive models of cellular networks can be tested 
and iteratively improved*?. A promising approach is to couple the 
activity of targeted proteins to light signals, either by incorporating 
photoactive allosteric modulators semisynthetically'®’, or by exploit- 
ing naturally occurring light-sensitive domains***"°. A particularly 
useful light-sensitive interaction for creating a general genetically 
encoded light-control system for cell biology comes from the phyto- 
chrome signalling network of plants. 

Phytochromes are photoreceptive signalling proteins responsible 
for mediating many light-sensitive processes in plants, including seed 
germination, seedling de-etiolation and shade avoidance''. They 
detect red and near-infrared light through the photoisomerization 
of a covalently bound tetrapyrrole chromophore such as phycocya- 
nobilin (PCB)''. This photoisomerization event is coupled to an 
allosteric transition in the phytochrome between two conformational 
states called Pr (red-absorbing) and Pfr (far-red-absorbing) (Fig. 1a). 
In one well studied signalling pathway, upon stimulation with red 
(650nm) light, the Arabidopsis thaliana phytochrome B (PhyB) 
protein binds directly to a downstream transcription factor, phyto- 
chrome interaction factor 3 (PIF3), translocates to the nucleus as a 


heterodimer and directly modulates the transcription of response 
genes. PIF3 binds only the red-light-exposed form of phytochrome, 
Pfr, and shows no measurable binding affinity for the dark- or infrared- 
exposed Pr state’*. Thus, this interaction can be reversed by infrared 
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Figure 1| The phytochrome-PIF interaction can be used to reversibly 
translocate proteins to the plasma membrane in a light-controlled fashion. 
a, apo-PhyB covalently binds to the chromophore phycocyanobilin (PCB) to 
form a light-sensitive holoprotein. PhyB undergoes conformational changes 
between the Pr and Pfr states catalysed by red and infrared light, reversibly 
associating with the PIF domain only in the Pfr state. b, This 
heterodimerization interaction can be used to translocate a YFP-tagged PIF 
domain to PhyB tagged by mCherry and localized to the plasma membrane 
by the C-terminal CAAX motif of Kras. c, Phytochrome and PIF domains 
functional in mammalian cells were tested for reversible light-dependent 
recruitment of YFP to the plasma membrane using confocal microscopy. 
Previously published PIF constructs either failed to show visible recruitment 
or showed irreversible recruitment. Only PhyB constructs harbouring 
tandem PAS repeats (unique to the plant phytochromes) showed detectable 
but reversible recruitment in vivo. 
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light. This light-sensitive interaction has been mapped to the 650- 
residue amino-terminal photosensory core of PhyB and a conserved 
100-residue N-terminal activated phytochrome binding (APB) 
domain of PIF3 (ref. 13). 

In previous work, this light-sensitive interaction has been used in 
yeast to construct a photoreversible two-hybrid transcriptional activator 
to tune the expression level of a targeted reporter gene"®, to target split 
intein domains to titrate the conditional protein splicing of a reporter 
gene", and in vitro to target directly Cdc42 to its effector WASP to 
regulate actin nucleation’’. Collectively this work suggests that the 
PhyB-PIF interaction can be functionally coupled to a wide variety of 
signalling processes through engineered fusion proteins. 

So far, however, no reported system using the PhyB—PIF inter- 
action has been demonstrated to enable fine spatiotemporal control 
of dimerization in vivo. Indeed, the relatively weak binding strength 
and slow reverse kinetics of the reported domains” have prevented us 
from successfully applying these earlier interaction pairs for in vivo 
control of signalling. We have optimized the phytochrome inter- 
action to enable its spatiotemporal control in experiments with live 
mammalian cells. 

We first confirmed that PhyB could covalently bind externally 
supplied PCB chromophore in mammalian cells by using a PhyB 
mutant (Y276H) that fluoresces at far-red frequencies in the PCB- 
coupled state only'®. NIH3T3 cells transfected with this construct 
show fluorescence after only 30min of exposure to 54M PCB, 
confirming rapid autoligation at physiological conditions (Sup- 
plementary Fig. 1). Multiple potential phytochrome-—PIF pairs were 
screened by a fluorescence translocation assay in NIH3T3 cells with 
confocal microscopy. We measured the red-light-induced transloca- 
tion of yellow fluorescent protein (YFP) fused to PIF domains to co- 
expressed phytochrome domains fused through a flexible linker to 
mCherry and localized to the plasma membrane by a carboxy- 
terminal polybasic, prenylation sequence from Kras’’ (Fig. 1b). Of 
all previously reported PIF domains'*'*”’, only the N terminus of 
PIF6 is strong enough to cause significant translocation of YFP to 
the membrane (Fig. 1c). However, its interaction with the PhyB 
photosensory core (residues 1-650) is irreversible in infrared light. 
Assaying it against different variants of PhyB revealed that the tandem 
C-terminal PAS domains of plant phytochromes are necessary to 
confer rapid photoreversibility under infrared light, underlining the 
importance of a previously reported autoinhibitory interaction for 
phytochrome signalling’. We refer to the optimized, reversible 
PhyB-PIF6 interaction simply as the ‘Phy—PIF’ interaction. 

Using this optimized Phy—PIF pair we observe rapid translocation to 
the plasma membrane under dilute red light (650 nm, 20 jumol m™~*s__') 
and from the membrane under infrared light (>750 nm, 300 pmol m” 
s_') (Fig. 2a and Supplementary Movies 1 and 2). Kinetic measure- 
ments of the Phy-induced cytoplasmic depletion of PIF-YFP under 
maximum illumination yield translocation time constants of 1.3 + 0.1s 
(s.d. n = 3) for membrane recruitment and 4 + 1s (s.d. 1 = 3) for mem- 
brane release (Fig. 2a and Supplementary Fig. 2), demonstrating second- 
timescale control. These rates are an order of magnitude faster than pre- 
vious chemically induced translocation systems” and are very near the 
physical limits for whole-cell diffusion (see calculation in Supplementary 
Information). The Phy—PIF translocation proved very robust—it could 
be cycled over a hundred times by alternating red and infrared illumina- 
tion with no measurable decrease in recruitment ratios over time, despite 
many cycles of imaging at photon fluxes far higher than those phyto- 
chromes are exposed to in natural lighting conditions (Fig. 2b and Sup- 
plementary Movie 3). 

The rapid forward and reverse kinetics of our Phy—PIF pair allow 
for fine spatial control of membrane recruitment by simultaneously 
exposing cells to patterned light at the two antagonizing wavelengths. 
In NIH3T3 cells co-expressing the above Phy—Kras(CAAX) and PIF— 
YFP recruitment pair, a nitrogen dye cell laser was used to deliver 
pulses of ‘activating’ red light (650 nm, 20 Hz) to a focused point on 
the sample plane, while the whole sample was bathed in continuous 
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Figure 2 | Confocal microscopy demonstrating the second-scale kinetics 
and photostability of the Phy-PIF photoswitchable membrane recruitment 
system. a, Confocal microscopy of NIH3T3 cells reveals rapid translocation 
of YFP between cytosol and plasma membrane under red and infrared light. 
Fitting exponentials to the cytoplasmic depletion of YFP gives typical time 
constants of 1.3 + 0.1s for recruitment and 4 + 1s for dissociation (n = 3). 
White rectangles show regions sampled for plotted traces. Arrowheads in 
graphs mark the time points shown (Supplementary Movies 1 and 2). 

b, Rapid alternation between the 650 and 750 nm light can generate 
oscillations in the cytoplasmic concentrations of YFP. Absolute cytoplasmic 
concentration of YFP for this series is plotted along with the ratio change 
between time points to adjust for photobleaching and cell drift. The red and 
grey bars represent the standard deviations of the recruited and released 
cytosolic fluorescence, demonstrating near-fixed recruitment ratios over 
more than a hundred iterations (Supplementary Movie 3). Scale bars ina and 
b, 20 ptm. 


‘inactivating’ infrared light obtained by filtering the microscope 
bright-field source (>750 nm) (Fig. 3a). When the cell membrane 
is imaged by total internal reflectance (TIRF) microscopy we observe 
a sharp spot of membrane-localized YFP several micrometres in dia- 
meter around the irradiated point (Fig. 3c). The rapid ‘off kinetics of 
the Phy—PIF interaction traps the membrane-recruited YFP pool to 
this spot, as any YFP diffusing away is dissociated from the mem- 
brane by the surrounding infrared light. This spot of recruited YFP 
can be rapidly relocated across the cell by repositioning the point of 
incident light (Supplementary Movie 4). 

We developed a second, fully automated method of controlling the 
distribution of both light frequencies on the cell membrane by using a 
digital micromirror array to project patterned light on to the sample 
plane of the microscope at micrometre resolutions”. By irradiating 
the sample with 650-nm and 750-nm light sources oriented to take 
advantage of both micromirror angle states, a complementary two- 
colour red/infrared pattern can be projected on to the sample plane, 
allowing one to ‘paint’ high-resolution inverse distributions of Pfr 
and Pr phytochrome on to the membrane of the cell (Fig. 3b). We 
were able to project faithfully a simple pixel-based movie into the 
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Figure 3 | Recruitment to the plasma membrane can be controlled spatially 
by simultaneously irradiating cells with patterned red and infrared light. 
a, A nitrogen dye cell laser exciting a 650-nm rhodamine dye was focused on 
to the sample plane of the microscope at 20 Hz while infrared (IR)-filtered 
white light continuously bathed the entire sample. b, A digital micromirror 
device focused on to the sample plane was used to send high-resolution 
patterns of 650 nm/750 nm light from a DG-4 source into the microscope 
under software control. This results in complementary red and infrared 
distributions on the sample plane. c, TIRF imaging of localized membrane 
recruitment by a point source as in a shows highly localized YFP recruitment 
(Supplementary Movie 4). The recruited YFP spot’s diameter is roughly 


membrane-recruited PIF—YFP distribution of a NIH3T3 cell. TIRF 
imaging reveals fine features at five micrometres, demonstrating an 
unprecedented degree of control over protein localization in living 
cells (Fig. 3d and Supplementary Movie 5). Additionally, by dithering 
the average amount of red light in the target mask through software, 
we could smoothly titrate the fraction of active Phy and recruited 
PIF—YFP, demonstrating effective ‘greyscale’ control of the chemical 
potential (Fig. 3e and Supplementary Movie 6). Using this data, we 
estimate the in vivo dissociation constant of the PhyB—PIF6 inter- 
action to be approximately Ky = 20-100 nM (Supplementary Fig. 5). 

We were motivated to engineer a membrane recruitment system 
because many signalling proteins are, at least in part, activated by 
interactions that relocalize them to the membrane. Moreover, plasma 
membrane recruitment systems have been successfully used as a 
platform for small-molecule-induced chemical biology control 
systems”’***°, For example, chemically induced membrane trans- 
location of the Rho- and Ras-family small G proteins*’” or the 
guanine nucleotide exchange factors (GEFs) that activate them” 
can generate global morphological changes. We reasoned that Phy— 
PIF-induced translocation might generate similar morphological 
changes, but with much higher spatial and temporal resolution. 
We chose to focus on spatiotemporal control of the Rho-family 
GTPases Racl, Cdc42 and RhoA, given their central role in the 
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3 «um and can be quickly moved by repositioning the laser. The final frame 
shows that the YFP spot is not merely bleed-through of the excitatory laser 
light, but genuine local fluorescent protein recruitment. d, TIRF movies of 
structured membrane recruitment by programmatically updating masks for 
red and infrared light using a digital micromirror device as in b were 
collected, revealing a faithful reproduction in the recruited YFP distribution 
of a movie of the cellular automaton ‘game-of-life glider’ that was projected 
(Supplementary Movie 5). e, Images show the raw traces of titrated input 
650-nm light and recruited PIF-YFP. The plot (right panel) shows the 
recruitment level as a function of 650-nm ratio for three typical experiments. 
Inset shows the non-saturated regime. Scale bars, 20 jm. 


dynamic spatial regulation of the actin cytoskeleton at the polarized 
edges of motile cells (Fig. 4a). 

Gated-recruitment constructs were made from the isolated cata- 
lytic modules (the DH-PH domain) of the RacGEF Tiam, the 
Cdc42GEF intersectin and the RhoGEF Tim. The optimal construct 
topologies for DH-PH activation were found by screening for Tiam- 
DH-PH activity via the global morphological changes that occurred 
in transfected, serum-depleted NIH3T3 cells when the entire field 
was exposed to red light. Global recruitment of the optimal PIF— 
Tiam-DH-PH chimaera caused a pronounced lamellipodial pheno- 
type within 20 min in most (>80%) co-transfected cells, compared 
to PIF-YFP-only recruitment or control cells lacking the PCB chromo- 
phore (Fig. 4b). This potent effect of recruiting the Tiam GEF activity to 
the membrane is similar to that observed using chemical dimerizers”’. 
We further tested the generality of this construct topology by confirm- 
ing that global RhoGEF recruitment induced cell body contraction in 
fibroblasts (Supplementary Movie 9). 

Given the strong global morphological effects of Tiam DH-PH 
domain membrane translocation, we then tested the effects of spatially 
localized light-activated translocation. Red laser stimulation was used 
for localized recruitment of the Tiam DH-PH domain in serum- 
depleted NIH3T3 cells (within a background of global repression by 
infrared light), effecting within 5-10 min a localized lamellipodial 
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Figure 4 | Rho-family G-protein signalling can be controlled by the light- 
activated translocation system. a, The catalytic DH-PH domains of 
RhoGEFs Tiam and intersectin (ITSN) activate their respective G proteins 
Racl and Cdc42, which in turn act through effector proteins to modify the 
actin cytoskeleton. b, Recruitable constructs with Tiam DH-PH domains 
were assayed for their ability to induce lamellipodia in NIH3T3 cells by 
exposing serum-depleted cells transfected with the indicated constructs to 
red (650 nm) light and counting the percentage of cells that produced 
lamellipodia within 20 min under live microscopy. Error bars indicate s.e.m. 
(n = 2, average 30 cells; P-value = 0.0004 for Tiam). ¢, Local induction and 


‘bloom’ (Supplementary Movie 8). By slowly extending the point of 
activating light away from the cell, it is even possible to “draw out’ an 
extended process up to 30 um from the main body of the cell that is 
stable after the light has been withdrawn. This indicates the future 
possibility of programmatically specifying cell geometries and inter- 
cellular connections with light (Fig. 4c and Supplementary Movies 7 
and 8). 

We further verified the signalling activity of our PIF-DH-PH 
reagents by verifying that point induction causes local, transient 
increases of the active form of GTPase as measured by the membrane 
enrichment of biosensors—either mCherry-tagged GBD-binding 
domains from WASP (Fig. 4d and Supplementary Movie 11) or 
PAK (Supplementary Fig. 4)—by TIRF microscopy. Using these bio- 
sensors we see that GTPase activation occurs rapidly, within seconds, 
indicating that a subsequent signalling step is responsible for the typical 
delay of 5-10 min for lamellipodial and filopodial protrusions. 

We have developed a genetically encoded, light-switchable Phy— 
PIF interaction module which, because it has a properly titrated tight 
but reversible interaction, has the potential to be applied to control 
any live cell process that is dependent on a recruitment event. Unlike 
classical uncaging techniques, photoreversibility allows our system to 
defeat diffusive spreading by using patterned light. Furthermore, the 
direct relationship between the recruited fluorescent fraction and 
signalling activity also enables measurable ‘dosage’ of signalling flux 
for quantitative perturbations. We show here that the system works 
robustly in mammalian cells with external PCB, extending previous 
demonstrations in yeast’? and its natural domain in plants, indicating 
that it is compatible with most eukaryotic cells. For genetically 
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‘extrusion’ of lamellipodia in live NIH3T3 cells (epifluorescence imaging, 
EPI) was demonstrated by globally irradiating the whole sample with an 
infrared (750 nm) light source while focusing a red (650 nm) laser on to a 
small portion of the cell as in Fig. 2a and slowly extending this red-targeted 
region from the cell body. Superimposed outlines of the cell show directed 
extension 30 ttm along the line of light movement (Supplementary Movie 7). 
d, Cdc42-GTP binding domain (WASP-GBD) linked to mCherry was used to 
measure the ‘response function’ of intersectin-DH-PH recruitment over 
several iterations in time and in space at equilibrium (Supplementary Movie 
11). Scale bars in ¢ and d, 20 tm. 


manipulable cells, it is, in principle, simple to include genes for 
enzymes that will generate PCB from haem or biliverdin”’. 

The high spatial and temporal resolution of light control allows this 
module to function as a novel analytical tool, in which highly complex 
spatial or temporal patterns can be used to drive a process. We have 
also demonstrated here how this module can be used as a high- 
resolution control module to sculpt cell shape in an unprecedented 
manner. Because of the generic nature of this interaction module, it is 
likely that it can be used to control an extremely broad range of cell 
biological processes without the need for laborious case-by-case 
protein engineering. 


METHODS SUMMARY 

Phycocyanobilin (PCB) purification. PCB was extracted by methanolysis at 
70°C from protein precipitates of Spirulina cell lysate (Seltzer Chemical) that 
were pre-washed to remove other tetrapyrroles species. Free PCB was handled 
under a green safelight (Amax of 550 nm). 

Light control experiments. NIH3T3 cells transiently transfected with the phyto- 
chrome and PIF constructs were pre-incubated in the dark with 5 uM PCB for 
30min and then washed before experiments. Non-coherent control-light 
frequencies were obtained by filtering white-light sources with 650-nm and 
750-nm 20-nm band-pass filters (Edmund Optics) or a near-infrared RG9 glass 
filter (Newport). For morphology experiments, cells were serum-depleted (1% 
Bovine Calf Serum) for at least 12 h before imaging. 
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Integrin-linked kinase is an adaptor with essential 
functions during mouse development 


Anika Lange’, Sara A. Wickstrém', Madis Jakobson’, Roy Zent?, Kirsi Sainio” & Reinhard Fassler’ 


The development of multicellular organisms requires integrin- 
mediated interactions between cells and their extracellular environ- 
ment. Integrin binding to extracellular matrix catalyses assembly of 
multiprotein complexes, which transduce mechanical and chemical 
signals that regulate many aspects of cell physiology’”. Integrin- 
linked kinase (Ilk) is a multifunctional protein that binds B-integrin 
cytoplasmic domains and regulates actin dynamics by recruiting 
actin binding regulatory proteins such as @- and [-parvin’. Ilk has 
also been shown to possess serine/threonine kinase activity* and to 
phosphorylate signalling proteins such as Aktl and glycogen 
synthase kinase 3B (Gsk3B) in mammalian cells’; however, these 
functions have been shown by genetic studies®’ not to occur in flies 
and worms. Here we show that mice carrying point mutations in the 
proposed autophosphorylation site of the putative kinase domain 
and in the pleckstrin homology domain are normal. In contrast, 
mice with point mutations in the conserved lysine residue of the 
potential ATP-binding site of the kinase domain, which mediates 
Ilk binding to a-parvin, die owing to renal agenesis. Similar 
renal defects occur in @-parvin-null mice. Thus, we provide genetic 
evidence that the kinase activity of Ilk is dispensable for mammalian 
development; however, an interaction between Ilk and a-parvin is 
critical for kidney development. 

Genetic studies in Drosophila melanogaster, Caenorhabditis elegans, 
zebrafish, and mice show that IIk regulates integrin-mediated adhe- 
sion strengthening and actin organization®”. In addition to this scaf- 
folding role, Ilk is proposed to function as a serine/threonine kinase* 
for substrates such as Akt and Gsk3f in mammalian cells’. However, 
mutations in residues critical for Ik kinase activity in mammalian cells 
fully rescue Ilk-null mutants in D. melanogaster® and C. elegans’. 

To determine whether catalytic activity of the putative kinase 
domain of Ilk is specific to mammals, we established mouse strains 
with point mutations in residues shown to abolish Ik kinase activity in 
vitro. We substituted: (1) serine 343 of the potential autophosphor- 
ylation site with either an alanine (S343A) or aspartate (S343D), lead- 
ing to a kinase-dead or hyperactive IIk"°, respectively; (2) arginine 211 
with an alanine (R211A) in the pleckstrin homology domain leading 
to a kinase-dead IIk'®; (3) lysine 220 with an alanine (K220A) or 
methionine (K220M) in the ATP-binding site, leading to a kinase- 
dead Ik associated with either diminished or unchanged binding to 
B-parvin''’, respectively (Supplementary Fig. la, b). All mutations 
were introduced into embryonic stem cells by homologous recom- 
bination and confirmed by Southern blot (Supplementary Fig. 1c) and 
sequencing (data not shown). Heterozygous knock-in embryonic 
stem cells were injected into blastocysts and the loxP-flanked neo- 
mycin (neo) gene was removed by intercrossing the knock-in strains 
with a deleter-Cre line resulting in mice carrying a JoxP site in exon 13 
and defined point mutations in the I/k gene (Supplementary Fig. 1a, 
b). The presence of the knock-in allele was confirmed by PCR 


(Supplementary Fig. 1d) and genomic sequencing (data not shown). 
Importantly, control mice carrying loxP sites in exon 13 without 
mutations in the IJk gene were normal (Supplementary Fig. 2a), had 
normal levels of I/k messenger RNA and protein, normal expression of 
the Taf10 gene nested within the Ik locus (Supplementary Fig. 2b, c) 
and normal organ development (Supplementary Fig. 2d and data not 
shown), indicating that the loxP site does not affect Ilk function. 

Mice homozygous for the $343A or $343D mutations were born in 
the expected Mendelian ratio (m = 230) and were normal (Fig. la and 
data not shown). Because conditional deletion of Ik dramatically 
affects epidermis and heart development'*”’, and the kinase activity 
of Ilk was proposed to have a role in cardiac hypertrophy'’, our 
analysis focused on these tissues. Mutant IIk localized normally to 
integrin adhesion sites in the epidermis (Supplementary Fig. 3a) and 
histology of skin and heart from $343A and $343D mice was normal 
(Fig. 1b, c). 

If Ilk kinase activity regulates integrin signalling, the $343A or 
$343D cells should demonstrate abnormalities in their actin cytoske- 
leton. However, Ilk(S343A) and Ilk(S343D) localized normally to 
focal adhesions in primary keratinocytes (Fig. 1d, e), which also 
spread, connected their actin cytoskeleton to mature focal adhesions 
(Fig. 1d, e and Supplementary Fig. 3b—d), and adhered normally to 
extracellular matrix substrates (Fig. 1f). Moreover, phosphorylation 
of Aktl and Gsk3B in heart and epidermal tissues was not altered 
(Fig. 1g, h and Supplementary Fig. 3e, f). These results show that the 
‘kinase dead’ $343A mutation and the ‘kinase hyperactive’ $343D 
mutation do not alter mouse development, tissue function, key sub- 
strate phosphorylation or actin-dependent cell processes. 

Mice carrying an R211A mutation in the pleckstrin homology 
domain, also reported to result in a kinase-dead IIk'°, were born in 
the expected Mendelian ratio (n=79) and appeared normal 
(Supplementary Fig. 4a and data not shown). In addition, histology 
of skin and heart from these mice showed no defects (Supplementary 
Fig. 4b, c). These data confirm that residues shown to be essential for 
Ik kinase activity in vitro do not affect mouse development. 

Mice carrying K220A or K220M mutations in the ATP-binding site 
of Ilk were present in expected Mendelian ratio and were of normal 
size and appearance at embryonic day (E) 18.5 (Supplementary 
Fig. 5a—c). At birth (postnatal day (P) 0), fewer K220A and K220M 
mutant mice were present (Supplementary Fig. 5b, c) and those sur- 
viving were pale, had a bent body posture and did not feed (Fig. 2a, b). 
All mutants died shortly after birth (Supplementary Fig. 5b, c). Skin, 
heart and several other tissues were normal (Supplementary Fig. 6a 
and data not shown). Despite normal protein levels of Ilk and its main 
binding partners Pinch-1 and «/B-parvin (Supplementary Fig. 6b), all 
mutant mice displayed renal agenesis or severe dysgenesis (Fig. 2c 
and Supplementary Fig. 7a); 70% lacked both kidneys, 27% had 
unilateral kidney aplasia and in 8% of these the other ureter was 
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Figure 1| Mutating serine 343 of Ilk does not alter mouse development. 
a-c, Nine-month-old $343A and $343D knock-in mice appear normal 

(a), have normal skin (b), and normal hearts (c). d, e, Primary $343A (d) or 
$343D (e) keratinocytes stained for Ik and F-actin. Note normal localization 
of Ilk, normal cell spreading, and actin cytoskeleton organization. f, Mutant 
cells adhered normally to fibronectin (FN), collagen I (Coll), laminin 


missing. 3% had dysgenic or hypoplastic kidneys (Supplementary 
Fig. 7b). 

The kidney develops from epithelial, mesenchymal and stromal 
compartments. At ~E11.0 the ureteric bud (UB) grows out of the 
Wolffian duct (WD) in response to inductive cues, such as glial cell 
derived neurotrophic factor (GDNF) or fibroblast growth factors 
(FGFs) secreted by the metanephric mesenchyme (MM). The grow- 
ing UB interacts with the MM, which leads to nephron formation”. 
At E11.5 no UB could be detected in the MM of most K220M mutant 
embryos, and at E12.5/13.5 UB branching was impaired (Fig. 2d, e). 
By E13.5 the MM underwent apoptosis (Fig. 2f), and most mutants 
lacked both kidneys (Fig. 2d, e). In rare cases of successful UB 
invasion into the MM, the kidneys were hypoplastic with reduced 
numbers of collecting ducts and nephrons (Supplementary Fig. 8a, 
b). No urine was detected in the bladders of these mice (data not 
shown). However, proliferation as well as Akt] phosphorylation was 
normal in these kidneys (Supplementary Fig. 8c—f). 

Urogenital tracts were isolated from kidneys at the T-bud stage 
(E11.5) to define whether the principal abnormality was in the WD, 
UB or MM. Ilk was expressed in both the UB and MM 
(Supplementary Fig. 9). Mutant WDs and UBs were positive for 
Wnt9b, a factor essential for nephron induction'® (Supplementary 
Fig. 10a). The WDs were normal, but the UBs were hypoplastic 
(Fig. 3a), suggesting the defect was in the UB and/or the MM. 
When isolated urogenital blocks were grown in vitro, the mutants 
were unable to form ectopic UBs in response to GDNF (Fig. 3b), a 
growth factor critical for initial UB induction and branching"’ and had 
an attenuated response to FGF7 + Follistatin, other growth factors that 
control UB branching” (Fig. 3b). The defect was not due to abnormal 
expression of Gdnf in the MM or its receptor c-Ret in the UB 
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(mean + s.e.m.; 1 = 3/3). g, Control, $343D and $343A heart tissues show 
equal levels of Akt1 and Gsk3B phosphorylation. h, Quantification of Akt1 
and Gsk3B phosphorylation (mean + s.e.m.; n = 3/3). Scale bars: b, 100 tum; 
c, 1 mm; d, e, 15 um. 


(Supplementary Fig. 10b, c). Impaired UB invasion was due, at least 
in part, to intrinsic defects in the UB as isolated UBs from E11.5 
mutant embryos failed to branch in GDNF-containing matrigel, 
whereas control UBs underwent extensive branching (Fig. 3c). The 
mutant mesonephros was also abnormal as numbers of mesonephric 
tubules were reduced in isolated urogenital blocks (Fig. 3d, e). When 
nephrogenesis was induced in isolated kidneys by lithium treatment”’, 
brush-border-positive proximal tubules were absent in the mutants 
(Supplementary Fig. 1la), despite normal expression of Pax2, the 
master regulator of renal differentiation” (Supplementary Fig. 11b). 
Furthermore, isolated wild-type MM did not undergo nephrogenesis 
when recombined with mutant UB (Supplementary Fig. 11c) and the 
wild-type UB branched less well when recombined with mutant MM 
(Fig. 3f). Thus, renal agensis/dysgenesis in the K220A or K220M mice 
results from intrinsic abnormalities of the UB and MM as well as 
defective inductive tissue interactions between them. 

To analyse whether the K220A or K220M mutations affect the kinase 
activity of Ilk in vitro, we performed in vitro kinase assays using the 
myelin basic protein (MBP) asa substrate**. The phosphorylation levels 
of MBP induced by all point mutants were comparable to wild-type Ilk 
and did not differ from background levels of control lysates, whereas 
Erk induced a robust phosphorylation of MBP (Supplementary Fig. 
12a). Moreover, phosphorylation levels of putative Ilk targets such as 
Akt1 and Gsk3B were normal in vivo (Supplementary Fig. 12b, c). 

As no evidence for kinase activity was detected, we determined 
whether mutations in the putative ATP-binding site of Ilk affect its 
ability to act as a scaffold protein. To do this we used Ik-null collecting 
duct (CD) cells derived from Ik floxed mice** where Ilk was deleted in 
vitro by adenoviral expression of Cre recombinase that were reconsti- 
tuted with Flag-tagged wild-type Ilk, Ik(K220A), IIk(K220M) or 
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a Control K220A b Control K220M 
PO PO 
Developmental age E11.5 E12.5 
Control n=56 n=26 
Ureteric bud (UB) invasion 56 26 
UB branching - 26 
K220A n=18 n=4 
UB not in mesenchyme 12 2 
1 UB, in mesenchyme, no branching 6 0 
2 UB, in mesenchyme, no branching - 2 
1 UB, in mesenchyme, branching = 0 
2 UB, in mesenchyme, branching “ 0 
K220M n=40 n=16 


UB not in mesenchyme 6 
1 UB, in mesenchyme, no branching 6 0 
2 UB, in mesenchyme, no branching - 2 
1 UB, in mesenchyme, branching - 4 
2 UB, in mesenchyme, branching - 4 


Figure 2 | Perinatal lethality and severe renal dysgenesis in IIk(K220A) 
and IIk(K220M) mice. a, b, PO Ilk(K220A) (a) and Ilk(K220M) (b) mutant 
mice are smaller with a bent posture. c, Mutant mice have kidney (k) agenesis 
but normal adrenal glands (a). d, Frontal sections of E11.5, E12.5, and E13.5 
control and K220M mutant embryos show failed UB growth into the MM 


Tlk(S343A). Although Ik(K220A) and IIk(K220M) still localized to 
focal adhesions (Fig. 4a), these cells displayed increased cortical actin 
bundles, impaired stress fibre formation and large peripheral focal 
adhesions (Fig. 4a and Supplementary Fig. 13a). The defect in actin 
organization was confirmed in primary UB cells isolated from K220M 


GDNF 


< 
< 


K220M e 


a Control K220M b 


Control 


Pan-laminin 


K220M 


Pan-cytokeratin and brush border 


Control 


Pan-laminin 


AA* 


No. of tubules per WD 


Figure 3 | IIk(K220A) and IIk(K220M) mutant mice show defects in the UB 
and nephrogenic mesenchyme. a, Pan-laminin stained E11.5 urogenital 
blocks. Controls show fully developed WDs and UBs (dotted line) but UBs 
fail to develop in mutants. b, Controls but not mutants develop UBs 
(arrowheads) in E11.5 urogenital blocks cultured in GDNF or 

FGF7-+ Follistatin. Stained for brush border epitopes (green) and pan- 
cytokeratin (red). ¢, Mutant UBs cannot branch in GDNF-containing 
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(dotted circle) in mutant mice. Arrowheads mark UB invasion. 

e, Quantification of UB invasion (E11.5) into the MM and branching 
(E12.5). f, TUNEL staining of E12.5 embryos shows increased apoptosis in 
the mutant MM. H&E, haematoxylin and eosin. Scale bars: a—c, 1 cm; 

d, 250 um; f, 50 ptm. 


mice (Supplementary Fig. 13b). In addition, K220A mutant cells dis- 
played loss of directional migration towards a chemotactic gradient 
and increased random migration velocity and distance, closely resem- 
bling the migration pattern of IJk~'~ CD cells (Fig. 4b, c). Pull down 
experiments revealed that IIk(K220A) and IIk(K220M) bound normal 
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tissues. e, Mesonephric tubule quantification (mean + s.e.m.; n = 10/10/10; 
***P < 0.0003). f, Control and K220M MM recombined with wild-type UB 
stained with pan-cytokeratin antibodies. Mutant MM induces attenuated 
wild-type UB branching. Scale bars: a, b, d, 300 Lum; ¢, 250 tum; f, 30 pum. 
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amounts of Pinch-1, but significantly reduced amounts of o-parvin 
(Fig. 4d, e) while binding of B-parvin was only slightly decreased 
(Fig. 4d). The reduced binding of «-parvin to the K220A/M mutants 
was confirmed in a cell free system using recombinant o-parvin 
(Supplementary Fig. 13c). Although «-parvin was still found to localize 
to focal adhesions in K220A mutant cells (Supplementary Fig. 13d), 
actin and focal adhesion dynamics were abnormal, characterized by 
increased cell contractility and centripetal motility of large, actin- 
associated focal adhesions (Supplementary Movies 1 and 2). These 
results show that the K220 of Ilk kinase domain mediates o-parvin 
binding, and that mutations in this site impair Ilk-mediated actin 
dynamics and focal adhesion turnover leading to defective directional 
cell motility. 

As the biochemical evidence suggested that defective «-parvin 
binding causes the defects in kidney development, we examined 
kidney development in o-parvin-deficient mice”. These mice had 
severe kidney agenesis/dysgenesis and absent UB growth into the 
MM (Fig. 4f, g). 

Our study demonstrates that the scaffold protein function of Ik is 
conserved throughout evolution and, as in flies and worms®’, the 
kinase activity of Ilk is not required for mammalian development or 
postnatal life. We further show that the K220 in the ATP-binding site 
of Ilk is required for «-parvin binding, and that this interaction is 
critical for directed cell migration and UB invasion into the MM 
and subsequent kidney morphogenesis. B-parvin binding was less 
severely affected, which might explain the tissue-restricted phenotype 
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of the mutant mice. Interestingly, mutations in K220 did not impair 
Drosophila development®, which could be explained by the fact that 
flies have nephron-like filtration units instead of kidneys, which 
detoxify haemolymph and are not essential for development’’. Our 
findings thus highlight specific requirements for mammalian integrin 
adhesion complexes that have evolved to fulfil specialized functions in 
cell types such as the intermediate mesoderm derived renal compo- 
nents. They also open new avenues for understanding the functions of 
these complexes in mammalian tissue morphogenesis. 


METHODS SUMMARY 

Generation of knock-in mice. A loxP-flanked neomycin cassette was inserted 
into exon 13 of mouse Ik genomic clones’, after which point mutations were 
introduced in exons 8 and 11 using site-directed mutagenesis (QuickChangell; 
Stratagene). The constructs were electroporated into Rl embryonic stem cells, 
and clones that underwent homologous recombination were identified by 
Southern blot using genomic DNA and internal and 3’ external probes, and 
injected into blastocysts to generate germline chimaeras. Upon germline trans- 
mission, mutant mice were intercrossed with deleter-Cre transgenic mice’’ to 
obtain heterozygous E13 loxP, $343A/D, R211A and K220A/M mutant mice, 
which were subsequently interbred to obtain homozygous mutant mice. 
Genotyping was performed by Southern blot or PCR analysis. 

In vitro analysis of kidney morphogenesis. For induction of extra-UBs, uro- 
genital blocks were isolated from E11.0—E11.5 embryos and cultured in DMEM/ 
F12 (Calbiochem) containing 10% fetal calf serum (FCS; Calbiochem) in the 
presence of 100ngml~' GDNF (R&D Systems) or a mixture of 100ngml! 
FGE7 and 100ngml ' Follistatin288 (R&D Systems). The preparations were 
fixed in methanol, washed, and incubated with primary antibodies against 
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pan-cytokeratin (Sigma) and brush border epitopes (a gift from A. Miettinen, 
University of Helsinki), and subsequently with fluorescent secondary antibodies, 
mounted on glass slides, and analysed by confocal microscopy (DMIRE2; Leica). 

For the UB branching analysis, UBs were isolated from the surrounding 
mesenchyme of E11.5 embryos using pancreatin-trypsin treatment, cultured 
in a mixture of matrigel (BD Biosciences) and DMEM/F12 supplemented with 
10% charcoal/dextran treated FCS, 200nM cis- and trans-retinoic acid, and 
100ngml~' GDNF, and analysed using light microscopy. 

For in vitro nephrogenesis assays, MM was separated from UBs, recombined, 
and cultured on Nuclepore (Costar) filters for 5d. Alternatively, urogenital 
tissue blocks were cultured for 3d in 10mM lithium chloride containing 
DMEM/F12 with 10% FCS, followed by immunofluorescence analysis as 
described above. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 27 May; accepted 26 August 2009. 


1. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 

673-687 (2002). 

2. Legate, K. R., Wickstrém, S. A. & Fassler, R. Genetic and cell biological analysis of 

integrin outside-in signaling. Genes Dev. 23, 397-418 (2009). 

3. Legate, K. R., Montanez, E., Kudlacek, O. & Fassler, R. ILK, PINCH and parvin: the 

IPP of integrin signalling. Nature Rev. Mol. Cell Biol. 7, 20-31 (2006). 

4. Hannigan, G. E. et al. Regulation of cell adhesion and anchorage-dependent 

growth by a new f1-integrin-linked protein kinase. Nature 379, 91-96 (1996). 

5. Hannigan, G., Troussard, A. A. & Dedhar, S. Integrin-linked kinase: a cancer 

herapeutic target unique among its ILK. Nature Rev. Cancer 5, 51-63 (2005). 

6. Zervas, C. G., Gregory, S. L. & Brown, N. H. Drosophila integrin-linked kinase is 
required at sites of integrin adhesion to link the cytoskeleton to the plasma 
membrane. J. Cell Biol. 152, 1007-1018 (2001). 

7. Mackinnon, A. C., Qadota, H., Norman, K. R., Moerman, D. G. & Williams, B. D. C. 
elegans PAT-4/ILK functions as an adaptor protein within integrin adhesion 
complexes. Curr. Biol. 12, 787-797 (2002). 

8. Postel, R., Vakeel, P., Topczewski, J., Knoll, R. & Bakkers, J. Zebrafish integrin- 
linked kinase is required in skeletal muscles for strengthening the integrin-ECM 
adhesion complex. Dev. Biol. 318, 92-101 (2008). 

9. Sakai, T. et al. Integrin-linked kinase (ILK) is required for polarizing the epiblast, cell 

adhesion, and controlling actin accumulation. Genes Dev. 17, 926-940 (2003). 

O. Persad, S. etal. Regulation of protein kinase B/Akt-serine 473 phosphorylation by 

integrin-linked kinase: critical roles for kinase activity and amino acids arginine 211 
and serine 343. J. Biol. Chem. 276, 27462-27469 (2001). 

1. Filipenko, N. R., Attwell, S., Roskelley, C. & Dedhar, S. Integrin-linked kinase 
activity regulates Rac- and Cdc42-mediated actin cytoskeleton reorganization via 
alpha-PIX. Oncogene 24, 5837-5849 (2005). 

2. Yamaji, S. et al. A novel integrin-linked kinase-binding protein, affixin, is involved 
in the early stage of cell-substrate interaction. J. Cell Biol. 153, 1251-1264 (2001). 

3. Lorenz, K. et al. Integrin-linked kinase is required for epidermal and hair follicle 
morphogenesis. J. Cell Biol. 177, 501-513 (2007). 

4. Nakrieko, K. A. et al. Impaired hair follicle morphogenesis and polarized 
keratinocyte movement upon conditional inactivation of integrin-linked kinase in 
the epidermis. Mol. Biol. Cell 19, 1462-1473 (2008). 

5. White, D. E. et al. Targeted ablation of ILK from the murine heart results in dilated 
cardiomyopathy and spontaneous heart failure. Genes Dev. 20, 2355-2360 (2006). 


1006 


NATURE|Vol 461/15 October 2009 


6. Lu, H. et al. Integrin-linked kinase expression is elevated in human cardiac 
hypertrophy and induces hypertrophy in transgenic mice. Circulation 114, 
2271-2279 (2006). 

7. Dressler, G. R. The cellular basis of kidney development. Annu. Rev. Cell Dev. Biol. 
22, 509-529 (2006). 

8. Carroll, T. J., Park, J. S., Hayashi, S., Majumdar, A. & McMahon, A. P. Wnt9b plays 
a central role in the regulation of mesenchymal to epithelial transitions underlying 
organogenesis of the mammalian urogenital system. Dev. Cell 9, 283-292 
(2005). 

9. Sainio, K. et al. Glial-cell-line-derived neurotrophic factor is required for bud 
initiation from ureteric epithelium. Development 124, 4077-4087 (1997). 

20. Maeshima, A. et al. Glial cell-derived neurotrophic factor independent ureteric 

bud outgrowth from the Wolffian duct. J. Am. Soc. Nephrol. 18, 3147-3155 (2007). 

21. Kuure, S., Popsueva, A., Jakobson, M., Sainio, K. & Sariola, H. Glycogen synthase 

inase-3 inactivation and stabilization of B-catenin induce nephron differentiation 

in isolated mouse and rat kidney mesenchymes. J. Am. Soc. Nephrol. 18, 1130-1139 

(2007). 

22. Brodbeck, S. & Englert, C. Genetic determination of nephrogenesis: the Pax/Eya/ 

Six gene network. Pediatr. Nephrol. 19, 249-255 (2004). 

23. Delcommenne, M. et al. Phosphoinositide-3-OH kinase-dependent regulation of 

glycogen synthase kinase 3 and protein kinase B/AKT by the integrin-linked 

inase. Proc. Natl Acad. Sci. USA 95, 11211-11216 (1998). 

24. Grashoff, C., Aszodi, A., Sakai, T., Hunziker, E. B. & Fassler, R. Integrin-linked 

inase regulates chondrocyte shape and proliferation. EMBO Rep. 4, 432-438 

(2003). 

25. Montanez, E., Wickstrom, S. A., Altstatter, J., Chu, H. & Fassler, R. «-parvin 
controls vascular mural cell recruitment to vessel wall by regulating RhoA/ROCK 
signalling. EMBO. J. (in the press). 

26. Weavers, H. et al. The insect nephrocyte is a podocyte-like cell with a filtration slit 

diaphragm. Nature 457, 322-326 (2009). 

27. Betz, U. A., Vosshenrich, C. A., Rajewsky, K. & Muller, W. Bypass of lethality with 

mosaic mice generated by Cre-loxP-mediated recombination. Curr. Biol. 6, 

1307-1316 (1996). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank M. Bos! and M. Moser for help with the generation 
of the mutant mice, E. Montanez for help with the analysis of the o-parvin-null 
mice, M. Grzejszczyk and S. Bach for technical assistance, O. Kudlacek for help with 
initial vector construction, M. Aumailley (Univ. Cologne) for laminin322, 

A. A. Noegel (Univ. Cologne) for o-parvin cDNA, A. Miettinen (Univ. Helsinki) for 
the brush border antibody, and R. Béttcher for careful reading of the manuscript. 
This work was supported by the Sigrid Juselius Foundation (to S.A.W. and M.J.), 
the Academy of Finland (to S.A.W., MJ. and K.S.), the Finnish Cultural Foundation 
(to S.A.W.), NIDDK DK065123, DKO75594, DK65123, an AHA established 
investigator award and a Merit award from the Department of Veterans Affairs (to 
R.Z.), the Austrian Science Funds (grant SFBO21) and the Max Planck Society (to 
R.F.). 


Author Contributions R.F. initiated and supervised the project. A.L., S.A.W., M.J., 
R.Z., K.S. and R.F. conceived ideas, designed experiments and analysed data. A.L., 
S.A.W., M.J. and R.Z. performed experiments. A.L., S.A.W., R.Z. and R.F. wrote the 
manuscript. All authors edited and reviewed the manuscript. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to R.F. (Faessler@biochem.mpg.de). 


©2009 Macmillan Publishers Limited. All rights reserved 


doi:10.1038/nature08468 


METHODS 
Cell culture. Primary keratinocytes were isolated and cultured as described 
previously. CD cells were isolated from kidneys of Ik” mice and immortalized 
with SV40. Single cell clones were obtained after which the IJk gene was deleted 
by adenoviral expression of Cre-recombinase. Ik-null CD cell clones were retro- 
virally infected with Flag-tagged wild-type Ik, K220A, K220M and $343A con- 
structs to establish stable cell lines. CD cells were cultured in DMEM/F12 
supplemented with 10% FCS. 
RT-PCR. Total RNA was extracted from organs using Trizol (Invitrogen) 
according to the manufacturer’s protocol. 1 ug RNA was used for first-strand 
synthesis using SuperScript II] polymerase (Invitrogen) and random hexamer 
primers. Specific cDNA fragments were amplified using the following primers: 
Ilk-forward: 5'-CATGCACTCAATAGCCGCAG-3’, Ilk-reverse: 5'-CTCCACA 
TGTCTGCTGAGCG-3’, Tafl0-forward: 5'-GCAATGTCTAACGGGGTTTAC 
G-3', Taf10-reverse: 5'-CTTGCTCTTGCTCCGGGAGCTG-3’. 
Histological analysis. Tissue pieces or embryos were fixed in 4% parafor- 
maldehyde (PFA) overnight at 4°C, dehydrated in a graded alcohol series, and 
embedded in paraffin (Paraplast X-tra, Sigma). Paraffin sections were stained 
with H&E according to standard protocols. 
Immunohistochemistry and immunofluorescence. Tissues were frozen in OCT 
(Thermo Shandon) after which immunohistochemical staining was carried out on 
8-utm-thick sections as described previously”*. For cellular immunostaining, cells 
were grown on chamber slides (Nunc) coated with 30,1gml' collagen I and 
101g ml! fibronectin and allowed to adhere and spread for 48 h. Cells were fixed 
in 3% PFA, rinsed with PBS (170 mM NaCl, 10 mM sodium phosphate buffer, pH 
7.4) and permeabilized with 0.2% Triton X-100 when necessary. Nonspecific 
protein binding sites were saturated with 3% bovine serum albumin (BSA) and 
5% goat serum in PBS, followed by incubation with indicated primary antibodies 
and Alexa488-, Alexa647- (Invitrogen) or Cy3- (Jackson ImmunoResearch 
Laboratories) labelled secondary antibodies. Finally, the coverslips were washed 
and mounted on glass slides with elvanol. The fluorescent images were collected by 
laser scanning confocal microscopy (DMIRE2; Leica) using Leica Confocal 
Software version 2.5 Build 1227 with X63 or X 100 oil objectives. All images were 
collected at room temperature. The following primary antibodies were used: rabbit 
anti-Ilk (Cell Signaling Technology); FITC-conjugated anti-integrin «6 (BD 
Biosciences); mouse anti-paxillin (BD Biosciences), phalloidin Alexa488 
(Invitrogen), mouse anti-vinculin (Sigma), rabbit anti-o-parvin (Cell Signaling 
Technology), rabbit anti-Pax-2 (Covance), rat anti-Nidogen (Chemicon), rat anti- 
Ki67 (Dako Cytomation), and anti-c-Ret (R&D Systems). Quantification of cell 
area and focal adhesion size was performed using the Metamorph software 
(Molecular Devices). Quantifications represent at least 3 independent experiments 
with >50 cells per experiment. 
Preparation of cell and tissue extracts, immunoprecipitation and western 
blotting. Organs dissected from staged mice or cells grown on polystyrene dishes 
were rinsed in PBS, suspended in lysis buffer (50 mM Tris-HCl buffer (pH 8.0), 
containing 150mM NaCl, 1% Triton X-100, 0.05% sodium deoxycholate, 
10mM EDTA, protease and phosphatase inhibitors), homogenized using a 
Dounce homogenizer (Kinematica), and cleared by centrifugation. The lysates 
were then reduced in Laemmli sample buffer at 95 °C, separated by polyacryla- 
mide gel electrophoresis in the presence of SDS, transferred onto PVDF mem- 
branes and subjected to western blot analyses. Quantification of band intensities 
was carried out using MultiGauge 3.0 software (Fujifilm). The Flag immuno- 
precipitation was carried out according to the manufacturers’ protocol (Sigma). 
The following antibodies were used for western blot analyses: mouse anti-IIk 
(BD Biosciences); rabbit anti-Akt and phospho-Akt (Ser473, Thr308; Cell 
Signaling); rabbit anti-Gsk3f and phospho-Gsk3f (Ser9; Cell Signaling); rabbit 
anti-mTor and phospho-mTor (Ser2448; Cell Signaling); rabbit anti-p42/44 
MAPK and phospho-p42/44 MAPK (Thr202/Tyr204; Cell Signaling); rabbit 
anti-o/B-parvin” rabbit anti-Pinch-1 (ref. 30); mouse anti-Gapdh 
(Calbiochem); and goat anti-mouse HRP, and goat anti-rabbit HRP (Bio-Rad 
Laboratories). 
Adhesion assay. Cells (1 X 10° cells per well) were plated onto 96-well plates 
coated with BSA, poly-t-lysine (Sigma), fibronectin (Sigma), laminin332 (a gift 
from M. Aumailley, Univ. Cologne) or collagen I (Cohesin). After 45 min 
incubation, adherent cells were lysed in a substrate buffer (7.5 mM NPAG 
(Sigma), 0.1 M Na citrate, pH 5, 0.5% Triton X-100) overnight at 37 °C. The 
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reaction was stopped by adding 50mM glycine, pH 10.4, 5mM EDTA after 
which absorbance at 405 nm was measured. 

TUNEL assay. Apoptotic cells from 6-,1m-thick paraffin-embedded embryo 
sections were detected using the in situ Cell Death Detection kit (Roche) accord- 
ing to the manufacturers’ instructions. 

In situ hybridization. Whole mount in situ hybridization was performed with 
InSituPro Automate (Intavis) on PFA-fixed embryos as described previously”’. 
For visualization of Gdnf, stained embryos were embedded into 4% low-melting 
agarose after which sections (101m) were cut using a VT-1000S vibratome 
(Leica). The DIG-labelled RNA probes were prepared from cDNAs of Gdnf (gift 
from J. G. Pichel, Univ. Salamanca) and Wnt9b (gift from A. McMahon, Harvard 
Univ.). 

In vitro kinase assay. Flag-tagged Ilk constructs were immunoprecipitated from 
CD cell extracts using a Flag affinity resin according to the manufacturers’ 
protocol (Sigma). The immunoprecipitates were washed 3X with lysis buffer 
and 3X with kinase buffer (Cell Signaling; 25 mM Tris-HCl (pH 7.5), 5mM 
B-glycerophosphate, 2mM _ dithiothreitol, 0.1mM Na3;VO,, 10mM MgCl, 
phosphatase and protease inhibitors). Resin-bound proteins were eluted using 
an excess of Flag peptide in 90 1 kinase buffer. Finally, 45 tl of the eluate, 10 Ci 
of [y-*P] ATP (Perkin Elmer), 80M cold ATP (Cell Signaling) and 15 pg 
myelin basic protein (MBP; Upstate) were incubated for 30min at 30°C, 
reduced in Laemmli sample buffer at 95°C, separated by polyacrylamide gel 
electrophoresis in the presence of SDS and subjected to autoradiography. 
Recombinant Erk2 (1 ng; Upstate) was used as a positive control. 

In vitro three-dimensional chemotaxis assay. The assays were carried out essen- 
tially as described previously’. Briefly, cells were suspended in type I collagen 
(3.0 mg ml '; PureCol, Cohesion), and cast in custom built chambers. After 
polymerization the gels were overlaid with growth medium containing epi- 
dermal growth factor (1 ug ml” ') and subsequently imaged using phase contrast 
microscopy (Zeiss) for 10h. The data were analysed using Image] software 
(version 1.37v; NIH) using Manual tracking and Chemotaxis plug-in tools. 
Live cell imaging. EGFP-c-parvin was generated by cloning the murine o-par- 
vin cDNA (gift from A. Noegel, Univ. Cologne) into the pEGFP-Cl1 vector 
(Clontech). CD cells plated on 3-cm dishes with a glass bottom were transfected 
with EGFP—«-parvin and RFP-Lifeact** using Lipofectamine 2000 (Invitrogen) 
according to the manufacturers’ instructions. Total internal reflection fluor- 
escence (TIRF) images were captured using an Axiovert 200M inverted micro- 
scope (Zeiss) with a X 100 oil objective and a cooled CoolSnap HQ CCD camera 
(Photometrics). Acquisition was controlled by Metamorph software (Molecular 
Devices). All images were collected at room temperature. The collected images 
were processed by 3 3 Gaussian low pass or median filtering and linear contrast 
enhancement. 

GST pull downs. «-parvin cDNA was cloned into the pGEX expression vector 
(GE Healthcare) and transformed into BL-21 E. coli. Recombinant protein was 
expressed and purified from E. coli under non-denaturing conditions. Five 
micrograms of recombinant protein was incubated with 500 ug cell lysate from 
cells expressing Flag-tagged wild-type, K220A, K220M, or S343A Ilk in lysis 
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1mM EDTA, 1% Triton X-100) 
overnight. Glutathione S-transferase (GST)-constructs were precipitated with 
glutathione beads (Novagen). Subsequent western blots were probed with 
antibodies against Ik and GST. 

Statistical analysis. Statistical evaluation was performed using the GraphPad 
Prism software (GraphPad, version 5.0). Statistical significance was determined 
by the Mann-Whitney U-test. 
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DNA demethylation in hormone-induced 
transcriptional derepression 
Mi-Sun Kim’, Takeshi Kondo”, Ichiro Takada’, Min-Young Youn’, Yoko Yamamoto”, Sayuri Takahashi’, 


Takahiro Matsumoto’”, Sally Fujiyama’”, Yuko Shirode’”, Ikuko Yamaoka!”, Hirochika Kitagawa’, 
Ken-Ichi Takeyama’, Hiroshi Shibuya®, Fumiaki Ohtake’? & Shigeaki Kato’ 


Epigenetic modifications at the histone level affect gene regulation 
in response to extracellular signals’. However, regulated epigenetic 
modifications at the DNA level, especially active DNA demethyla- 
tion, in gene activation are not well understood*>. Here we report 
that DNA methylation/demethylation is hormonally switched to 
control transcription of the cytochrome p450 27B1 (CYP27B1) gene. 
Reflecting vitamin-D-mediated transrepression of the CYP27B1 
gene by the negative vitamin D response element (nVDRE)°*”’, 
methylation of CpG sites ("“CpG) is induced by vitamin D in this 
gene promoter. Conversely, treatment with parathyroid hormone, a 
hormone known to activate the CYP27B1 gene’®, induces active 
demethylation of the *"CpG sites in this promoter. Biochemical 
purification of a complex associated with the nVDRE-binding 
protein (VDIR, also known as TCF3)°” identified two DNA methyl- 
transferases, DNMT1 and DNMT3B, for methylation of CpG sites’, 
as well as a DNA glycosylase, MBD4 (ref. 10). Protein-kinase-C- 
phosphorylated MBD4 by parathyroid hormone stimulation pro- 
motes incision of methylated DNA through glycosylase activity", 
and a base-excision repair process seems to complete DNA 
demethylation in the MBD4-bound promoter. Such parathyroid- 
hormone-induced DNA demethylation and subsequent transcrip- 
tional derepression are impaired in Mbd4-‘~ mice'?. Thus, the 
present findings suggest that methylation switching at the DNA 
level contributes to the hormonal control of transcription. 

CYP27B1 is the final enzyme in vitamin D biosynthesis, and it is 
primarily expressed in the renal proximal tubule**. Two calcemic 
hormones strictly regulate CYP27B1 gene transcription®’. Para- 
thyroid hormone (PTH) induces CYP27B1 expression by activating 
protein kinase A and C (PKA and PKC, respectively)*”*. 10,25- 
dihydroxyvitamin D3; (10,25(OH) D3), a hormonally active form of 
vitamin D3, is a repressive signal that binds to and activates the nuclear 
vitamin D receptor (VDR)'*'*. A basic helix-loop-helix transcrip- 
tional activator (VDR interacting repressor, VDIR) regulates the tran- 
scription of CYP27B1 by the negative vitamin D response element 
(nVDRE)*’. Heterodimers of vitamin-D-bound VDR and retinoid X 
receptor (RXR) repress the activation of VDIR that is bound upon the 
nVDRE by means of the histone deacetylase (HDAC) co-repressor 
complex®. 

We found that the HDAC inhibitor tricostatin A (TSA) did not 
fully abrogate vitamin-D-induced transrepression in either 293F cells 
or mouse cortical tubular (MCT) cells (Supplementary Fig. 2). Using 
newly established stable 293F and MCT transformants expressing 
Flag-VDIR, we tested for other factor(s)/complex(es) that co- 
repressed transcription'’”’* (Supplementary Fig. 3a). The VDIR and 
VDR interactants consisted of several complexes when fractionated 


on an ion-exchange column (Supplementary Fig. 3b) and a glycerol 
gradient (data not shown)'”'*’. We identified DNA methyltrans- 
ferases | and 3B (DNMT1 and DNMT3B)’ as VDIR and VDR inter- 
actants (Fig. la) with DNMT activity (Fig. 1g). Generally, DNMT 
family members methylate cytosines at specific DNA sequences to 
repress gene expression’’. In a luciferase assay in 293F cells, both 
DNMT1 and DNMT3B acted as co-repressors for vitamin-D- 
induced transrepression of the CYP27B1 promoter (Supplementary 
Fig. 5). Vitamin-D-induced DNA methylation of cytosines (*"C) was 
found in the CpG regions of the promoter in 293F cells (see Fig. 1b) 
and MCT cells (data not shown), as assessed by bisulphite sequencing 
(Fig. 1c and Supplementary Fig. 6), methylation-specific PCR (Sup- 
plementary Fig. 7), and chromatin immunoprecipitation and quanti- 
tative PCR (ChiP-qPCR) with an anti--™C antibody (Fig. 1d). This 
methylation step required DNMT1 and DNMT3B (Fig. 1d and 
Supplementary Fig. 8) based on knockdown assays (Supplementary 
Fig. 4). The knockdown of DNMTs abrogated vitamin-D-induced 
transrepression of endogenous CYP27B1 (Fig. le), and a DNMT inhi- 
bitor, 5-azacytidine, plus TSA, abolished vitamin-D-induced trans- 
repression (Supplementary Fig. 2). Vitamin-D-induced recruitment 
of DNMT1 and DNMT3B was detected at the CYP27B1 promoter by 
ChIP analysis (Fig. 1fand Supplementary Fig. 9), presumably as direct 
VDR interactants as observed in an in vitro glutathione S-transferase 
(GST)-pull-down assay (Supplementary Fig. 10). DNA methylation 
of the CpG sites in the promoter and coding regions (Fig. 1c, d), as well 
as histone deacetylation (Fig. 1d, f), were induced by vitamin D, but a 
heterochromatin marker, HP1a'*”°, was not detected (Supplementary 
Fig. 11). Upregulation of DNMT activity of the VDIR immunocom- 
plex by vitamin D was reduced in the presence of PTH (Fig. 1g). 
Continued PTH treatment of cells that had been pre-incubated with 
vitamin D induced demethylation of the °"CpGs (Figs 1c, 2d and 
Supplementary Fig. 7). 

Next, we assayed for a PTH effect in DNA replication. In proximal 
renal tubule cells expressing the Cyp27b1 gene in mice, bromodeox- 
yuridine (BrdU) incorporation (Supplementary Fig. 12a)”° was not 
affected by either 48 h PTH treatment or VDR deficiency (Vdr /~)?! 
(Fig. 2a). Likewise, PTH-induced DNA demethylation of the 
CYP27B1 promoter in 293F cells was detected despite 24h arrest of 
the cell cycle after serum depletion or treatment with aphidicolin” 
(Fig. 2b and Supplementary Fig. 12b, c). It was thus unlikely that °"C 
replaces C in the newly synthesized DNA during DNA replication. 

We characterized MBD4 (refs 10, 12) further because MBD4 
recruitment to the promoter coincided with the state of DNA methy- 
lation (Fig. 2c, d and Supplementary Fig. 13). MBD4 belongs to the 
5-methyl-CpG binding domain (MBD) family, which is implicated in 
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Figure 1| Hormonal control of DNA methylation/demethylation of the 
CYP27B1 gene promoter. a, Silver staining of anti-Flag-affinity purification, 
followed by anion-exchange column chromatography using vitamin D (VD; 
100 nM)-treated MCT cells expressing Flag—-VDIR. b, Schematic 
representation of the CpG sites in the CYP27B1 promoter and coding region. 
Black filled circles indicate CpG sites. c, Time course of DNA methylation/ 
demethylation in CYP27B1(—230/+130) region. Bisulphite sequencing was 
performed using vehicle-treated, vitamin D (100 nM)-treated and vitamin 
D/PTH (1 uM)-treated 293F cells for the indicated time. Numbers in 
parentheses denote time after PTH treatment. White and black squares 
indicate unmethylated and methylated CpGs, respectively. d, e, ChIP-qPCR 


transcriptional repression”. Unlike other MBD family members, 
MBD4 functions in DNA repair as a thymine glycosylase to remove 
T/G mismatches generated after the deamination of *""C (refs 10, 24). 
ChIP analyses showed that MBD4 was the only MBD protein identified 
at the CYP27B1 promoter (Fig. 2c). MBD4 was co-immunoprecipitated 
with VDIR in the presence of vitamin D, and remained associated after 
co-treatment of vitamin D with PTH independent of the dissociation of 
DNMTs from VDIR (Fig. 2e). These hormonal effects were not seen in 
the reported MBD4-binding *"CpGs sites in the multidrug resistance 
(MDR, also known as ABCB1) gene promoter” (Supplementary Fig. 
14). VDIR seemed to be indispensable for MBD4 recruitment to the 
promoter (Fig. 2f and Supplementary Fig. 15), presumably through 
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analyses of 293F cells transfected with indicated short interfering RNAs 
(siRNAs), treated with vitamin D (100 nM) for 24h (means = s.d., n = 3) 
(d) and qPCR (means + s.d., n = 3, *P < 0.005, **P > 0.2) (e). Ctrl, control. 
f, Time-dependent ChIP analyses using 293F cells with vitamin D (100 nM) 
treatments for the indicated times. g, DNMT activity using Flag-VDIR 
immunoprecipitants (IP) in vitamin D/PTH-treated 293F cells. Activity 
(means + s.d., 1 = 3) is shown as c.p.m. of S-adenosyl-L-[methyl-°H]- 
methionine incorporated into oligonucleotide substrate. Background 
activity was measured in the control experiments performed with Flag-alone 
immunoprecipitants. 


physical interaction (Supplementary Fig. 16). It was recently reported 
that in transcriptionally active promoters, demethylation of °"CpGs 
requires DNMT3A/B for deamination of °"CpGs for further T/G mis- 
match repair**. However, in 293F cells pretreated with vitamin D for 
24h, DNMT1, DNMT3B or thymine-DNA glycosylase (TDG) was 
dispensable for PTH-induced demethylation of °""CpGs within the 
CYP27B1 promoter (Fig. 2g). Knockdown of MBD4, but not MBD2, 
blocked PTH-induced demethylation of °""CpGs (Fig. 2h, i and 
Supplementary Fig. 17). Given the efficient binding of MBD4 to 
°™CpG (ref. 10), we proposed that the DNA glycosylase activity of 
MBD4 induced active DNA demethylation of the *"CpG sites. We 
tested this idea with an MBD4 mutant with a deletion in the putative 
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Figure 2 | MBD4 is indispensable for PTH-induced DNA demethylation in 
the CYP27B1 promoter. a, In vivo BrdU incorporation in the kidney and 
small intestine (control) of mice with indicated genotypes. Proximal tubular 
cells surrounding the glomerulus (asterisk) are circled by a dashed line. 
Original magnification, 200. Experimental details are presented in 
Supplementary Fig. 11a. b, ChIP—qPCR analyses using 293F cells treated 
with aphidicolin (5 |tM) or cultured with serum-free DMEM (means = s.d., 
= 3). 5azaC, 5-azacytidine. ¢, d, ChIP analyses (c) and ChIP—qPCR 
analyses (means + s.d., n = 3) (d) using vitamin D/PTH-treated 293F cells. 
e, Western blotting (WB) using immunoprecipitants with anti-VDIR 
antibody in vitamin D/PTH-treated MCT cells. f, ChIP analyses using 293F 


glycosylase catalytic domain (Agly) (Supplementary Figs 19a and 21a). 
This mutant was defective in PTH-induced DNA demethylation in cells 
deficient of endogenous MBD4 (Fig. 2i and Supplementary Fig. 18). 
To test the idea that downstream signalling of PTH activates MBD4- 
mediated DNA demethylation, phosphorylation of putative sites on 
MBD4 by PKA and PKC (downstream signalling factors of PTH)’ was 
measured with recombinant proteins (Supplementary Fig. 19). MBD4 
was phosphorylated by PKC in vitro (Fig. 3a) and in 293F cells (Fig. 3b 
and Supplementary Fig. 20). With MBD4 recombinant mutants, serine 
residues (165 and 262) were mapped as PKC-phosphorylation sites 


cells transfected with indicated siRNAs for 24h, and then treated with 
vitamin D (24h). g, ChIP analyses using vitamin-D-treated 293F cells 
transfected with indicated siRNAs for 24h, then further treated with PTH 
(24h). h, Bisulphite sequencing using 293F cells transfected with indicated 
siRNAs for 24h, then further treated with vitamin D and PTH (24 h) 
(means = s.d., three independent experiments, n = 15). i, ChIP—qPCR 
analyses of vitamin D/PTH-treated 293F cells transfected with siRNAs and 
rescue vectors containing wild-type MBD4 (MBD4full) ora MBD4(Agly) for 
48h in the presence or absence of vitamin D (48 h) and/or PTH (24h) 
(means = s.d., n = 3). 


(Fig. 3c). We addressed whether MBD4 has DNA glycosylase activity 
with mismatched and methylated CpG oligonucleotides, using TDG as 
a control, in in vitro assays**”°. Strand incisions by unphosphorylated 
MBD4 were clearly seen in T/G mismatched oligonucleotides, con- 
firming the reported glycosylase activity of MBD4 for T/G mismatch 
(Fig. 3d, e and Supplementary Fig. 21)'®’°. Although the direct DNA 
binding of MBD4 to both oligonucleotides was detected on electro- 
phoretic mobility shift assays (EMSA) (Supplementary Fig. 22), strand 
incision of the methylated CpG oligonucleotides was less pronounced. 
However, strand incision of methylated CpG oligonucleotides was 
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Figure 3 | The DNA glycosylase activity of MBD4 is potentiated by PKC- 
phosphorylation. a, In vitro kinase assay using GST-MBD4 and GST-VDIR 
with recombinant PKC or PKA. PKC inhibitors (PKCi; RBI and PKC 
pseudosubstrate) or a PKA inhibitor (H89) were added to the reactions as 
indicated. b, Western blotting with anti-MBD4 using immunoprecipitants 
with anti-phospho-S/T antibody on the treatments as indicated. ¢, In vitro 
kinase assay using recombinant MBD4 mutants, in which alanine 
replacements were introduced into the serine or threonine residues. d, In 
vitro glycosylation assay protocol (top) and CBB staining of human 
recombinant MBD4 (bottom). Experimental details of recombinant MBD4 
preparations are presented in Supplementary Fig. 21. e, In vitro 


significant when MBD4 was phosphorylated by PKC” (Fig. 3e, f and 
Supplementary Fig. 23). A PKC inhibitor attenuated the enzymatic 
activity of MBD4 (Fig. 3g). Consistent with this, phosphorylation 
mutants attenuated PTH-induced DNA demethylation in 293F cells 
deficient in endogenous MBD4 (Fig. 3h), although their DNA-binding 
activities were retained (Supplementary Fig. 24). We then evaluated 
whether major factors responsible for DNA repair were involved in this 
mechanism''”®*”, ChIP analyses showed that apurinic/apyrimidinic 
(AP) endonuclease-1 (APE-1, also known as APEX1), DNA ligase I 
and polymerase (Pol) B—components of the base-excision repair pro- 
cess—were recruited simultaneously to the promoter together with 
MBD4 (Fig. 3i and Supplementary Fig. 25). APE-1 was pivotal in the 
recruitment of these DNA repair factors (Fig. 3i). These data indicate 
that DNA demethylation is completed through a base-excision repair 
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glycosylation assay with 0.5 Lig of recombinant MBD4 and 5 nM of indicated 
oligonucleotides: hemi-methylated CpG [MG/GC], symmetrical methylated 
CpG [MG/GM], mismatched [TG/GC] and unmethylated CpG [CG/GC]. 
The top arrow indicates substrates (27-base pair (bp) oligonucleotides) and 
the bottom arrow indicates breakage products (13-bp oligonucleotides). 

f, The kinetics of the PKC-mediated °"CpG glycosylation activity of MBD4 
with MG/GC. g, In vitro glycosylation assay using phosphorylation-defective 
MBD4 mutants. h, ChIP analyses of 293F cells transfected with MBD4 
siRNA and rescue vectors containing indicated MBD4 derivatives. 

i, ChIP—qPCR analyses of vitamin D/PTH-treated 293F cells transfected with 
APE-1 siRNAs (means + s.d., n = 3). 


process after glycosylation by MBD4. Consistent with the role of 
MBD4 in PTH-induced DNA demethylation, MBD4 knockdown 
reversed the effects of PTH on the CYP27B1 promoter (Fig. 4a) and 
endogenous gene expression (Supplementary Fig. 26). Neither the 
MBD4 phosphorylation mutants nor the catalytic domain deletion 
mutant (Agly) conferred a response to PTH (Fig. 4b and 
Supplementary Fig. 27). In ChIP analyses of the CYP27B1 promoter, 
PTH-induced DNA demethylation was coupled to histone acetylation, 
H3K4 methylation and Ser-5-phosphorylated RNA Pol II recruitment? 
(Fig. 4c and Supplementary Fig. 28). Such PTH-induced alterations 
were abolished by depletion of MBD4 (Fig. 4c). 

Finally, the physiological role of MBD4 in PTH-induced derepres- 
sion was tested in Mbd4'~ mice. Vitamin D treatment for 3 days 
effectively suppressed endogenous Cyp27b1 gene expression (Fig. 4d, 
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Figure 4 | MBD4-mediated DNA demethylation derepresses transcription 
of the vitamin D-transrepressed CYP27B1 gene. a, Luciferase assay using 
293F cells. The cells were transfected with MBD4 siRNA for 24h, and 
luciferase reporter containing the CYP27B1(—632/0) promoter, in the 
presence or absence of vitamin D (48h) and/or PTH (last 24h) 

(means = s.d., n = 3). b, Luciferase assay using MBD4-knockdown 293F 
cells, transfected with phosphorylation-defective MBD4 mutants. ¢, ChIP 
analyses of vitamin D/PTH-treated 293F cells transfected with indicated 
siRNAs. d, In situ hybridization analysis of murine kidneys using antisense 
riboprobe for Cyp27b1. The Cyp27b1 mRNAs (dark blue) are broadly 
localized in the uriniferous tubule cells. Original magnification, < 200. 

e, f, qPCR from total RNAs isolated from murine kidneys (e) and serum 
levels of 1u,25(OH)2D (f) with the indicated genotypes (wild type, Mbd4 ‘~ 
medium-chain triglyceride vehicle-treated group, n = 4; wild type, Mbd4 '~ 
vitamin-D-treated group, n = 3; wild type, Mbd4 ‘~ pre-vitamin-D-PTH- 
treated group, n = 7) (means ~ s.d., *P < 0.001, **P > 0.2). g, Bisulphite 
sequencing using whole murine kidneys (means = s.d., three independent 
experiments, n = 30). 


e) and induced DNA methylation in the kidneys of wild-type and 
Mbd4'~ mice (Fig. 4g and Supplementary Fig. 29). Administration 
of PTH to vitamin-D-pretreated, wild-type mice derepressed Cyp27b1, 
as determined by qPCR with reverse transcription (qRT-PCR; Fig. 4e) 
and in situ hybridization (Fig. 4d). The recovery of serum 
10,25(OH).D levels (Fig. 4f) as well as DNA demethylation (Fig. 4g) 
were consistently seen. In Mbd4'~ mice, PTH effects were signifi- 
cantly impaired (Fig. 4d—g), confirming the in vitro observations. 

Active DNA demethylation has been implicated in the derepression 
of silenced gene promoters during early development*. The involve- 
ment of active DNA demethylation of gene promoters for regulated 
transcription is, however, largely unknown. Here we found that DNA 
methylation/demethylation that determined the function of the 
CYP27B1 gene promoter was regulated by hormonal switching (see 
Supplementary Fig. 1). Transcriptional derepression of the CYP27B1 
gene by active DNA demethylation was hormonally inducible. Thus, 
epigenetic switching at the DNA level reflects, at least in part, well- 
established hormonal actions on gene regulation. 

Hormonally regulated DNA demethylation of the CYP27B1 gene 
promoter is mediated by glycosylase activity of MBD4 by PKC- 
mediated phosphorylation. Although MBD4 is involved in repairing 
mismatched T/G, structural alteration of MBD4 caused by phosphor- 
ylation may shift its substrate specificity. Considering the association 
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of base-excision repair factors with MBD4 on *CpG sites in the 
CYP27B1 gene promoter, it is likely that this form of active DNA 
demethylation involves a base-excision repair process. The dissoci- 
ation of DNMTs from VDIR and MBD4 in the presence of PTH seems 
to preclude re-methylation of the repaired cytosine. Thus, DNA 
repair-mediated DNA demethylation in metazoans is probably 
accomplished by diverse processes that are dependent on the epige- 
netic context”***°, 


METHODS SUMMARY 

Biochemical purification of VDIR-associated proteins. Preparation of the 
nuclear extracts, anti-Flag affinity purification, and mass spectrometry were 
performed as previously described'’. Details are provided in Supplementary 
Methods. 

In vitro glycosylation assay. In vitro glycosylation assays were performed essen- 
tially as previously described'*”***. Recombinant GST-MBD4 and its derivatives 
were purified from Escherichia coli, and subjected to a phosphorylation reaction 
by PKC. 5’-end [y-*’P]-ATP-labelled DNA substrates were incubated with phos- 
phorylated or non-phosphorylated GST-MBD4 as detailed in the 
Supplementary Methods. 

Bisulphite sequencing and methyl-specific PCR. Genomic DNA was isolated 
from cell lines and wild-type or Mbd4-deficient mice, treated with vehicle, vitamin 
D or PTH as indicated. Bisulphite treatment and sequencing were performed as 
described. Results are representative of at least three independent experiments. 
Details are provided in Supplementary Methods. 

DNMT assay. The VDIR complex was purified by immunoprecipitation. 293F 
cells were transfected as indicated with Flag-tagged VDIR, and cultured in the 
presence or absence of vitamin D for 24h, and then PTH for 24h. After 48h, 
the cells were collected, and the Flag-tagged VDIR complex was purified by Flag 
M2 agarose (Sigma). DNA methyltransferase activity was found in the VDIR 
immunoprecipitates from the 293F cells only after treatment with vitamin D. 
Activity is displayed as counts per minute (c.p.m.) of S-adenosyl-L-[methyl-*H]- 
methionine incorporated into an oligonucleotide substrate. 
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CAREERS 


Q&A 


How did you get into this 
field? 

My basic area of research is 
polymer chemistry, which 
intersects in many important 
ways with green chemistry. 
The challenge is to find clean 
substitutions for more toxic 
chemical processes that 

cost the same or less. The 
ideal situation is replacing 
something toxic with 
something environmentally 
friendly — such as replacing 
a toxic metal in a catalytic 
compound with a vitamin 
that biodegrades. 


What research problems 
do you work on? 

We focus on three areas: 
working towards cleaner, 
more effective catalysts; 
creating degradable 
materials by controlling 
macromolecular structures; 
and working at the interface 
of biochemistry and materials 
science to create smart 
polymers that safely deliver 
agents to specific sites. 


Do green projects have 
enough funding? 
Funding support is 
important, but more 


Chemist Krzysztof Matyjaszewski of Carnegie 
Mellon University in Pittsburgh, Pennsylvania, 
is the winner of this year's Presidential Green 
Chemistry Challenge academic award. 


important is the balance 
between how much 
something costs and how 
important it is. Sometimes, if 
you want to make something 
more environmentally 
friendly, it is more expensive. 


How important has a 
mentor been to you? 
Always, you rely on mentors. 
Years ago in Poland I started 
working with a professor who 
impressed on me the need 

to approach a problem ina 
systematic manner, but never 
to close your mind to possibly 
important avenues that could 
be hidden in the details. 


How did you get from 
Poland to Pittsburgh? 

I was a postdoc in 1978-79 
at the University of Florida. I 
returned to Poland expecting 
change when [the trade 
union movement] Solidarity 
happened. But that hope was 
not realized. I spent a year 

in Paris. A professor leaving 
Carnegie Mellon told me I 
should apply for his position, 
as it had good funding 

and support in a nice city. 
Pittsburgh is a very good 
example of the green spirit. 


Tt was one of the most 
polluted US cities; now it is 
one of the cleanest. 


What's your approach to 
advising students? 

Even though I generally 
have 10-15 graduate 
students and 5 postdocs, I 
try to interact with each on 
a one-to-one basis. We also 
have group meetings weekly 
and meet twice a year with 
our industry consortium 
members. Sometimes 

even a first-year graduate 
student can teach someone 
from industry how to do 
something better. 


What's the importance 

of exposing graduate 
students to industry? 
Maybe half will go to 
industry. So I hold regular 
group meetings, like in 
industry, to discuss progress 
on longer-term objectives. I 
also teach them to consider 
more than one part of the 
problem: not just synthesis 
but also characterization 
and the search for potential 
applications. | 


Interview by Paul Smaglik 


POSTDOC JOURNAL 


My new role as a freelance 
writer has brought some 
interesting assignments, 
including interviewing 
students and writing their 
profiles for a university 
postgraduate handbook. 
Although their responses 
proved fascinating, it also 
made me question my recent 
decision to leave academia. 
As | delved into their 
childhood dreams and 
aspirations, | saw many 
parallels to my own life 
and career that made me 
nostalgic for my previous 
life. | miss research and the 
social interactions of a busy 


Heart matters 


lab — discussions with my 
three-year-old son only go so 
far! | was even compelled to 
undertake late-night searches 
for tenure-track positions. 
But real life soon made me 
realize the advantages of my 
chosen path. My stepmother 
is still recovering from a heart 
attack that occurred five days 
into her holiday when she 
came to visit us in Colorado. 
During the past week at 
the hospital, | have been 
thankful for the extra time 
and flexibility that freelancing 
gives me to spend with my 
family. Such time is precious 
and transitory — my parents 


are getting older and my son is 
growing up fast. 

For me right now, academia 
just doesn't seem flexible 
enough to accommodate 
the family life | strive for. But 
lam in awe of the countless 
women who do juggle career 
and family with prowess. And 
| wish every success to my 
interviewees as they embark 
ontheirresearch careers. & 
Joanne Isaac was a postdoc 
in climate-change effects on 
biodiversity at James Cook 
University, Townsville, Australia. 
She is now in the United States so 
that her husband can complete 
a postdoc. 
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IN BRIEF 


Call for cluster funding 


A report by the Center for American 
Progress, a think tank in Washington DC, 
calls for Congress to fund the development 
of regional innovation clusters similar to 
California's Silicon Valley. This will create 
jobs and maintain US competitiveness 
despite limited state resources, it says. 
Issued last month, “The Geography 
of Innovation’ proposes a competitive 
matching-grants programme to fund 
training, research centres or business 
incubators that focus on priorities such as 
energy technologies. Representative Jared 
Polis (Democrat, Colorado) touted the 
report on 6 October, advocating federal 
support for regional partnerships to 
enhance economic efficiency and growth. 


Psychology overhaul 


US psychologists need an accreditation 
system that verifies their science acumen, 
according to the US Association for 
Psychological Science (APS). 

A report by the association says that 
clinical psychologists too often are 
unaware of validated treatment methods. 
It assails the American Psychological 
Association's current accreditation system 
as a “one size fits all” approach that lumps 
together disparate subfields. The APS 
advocates an accreditation system that, 
for instance, gauges whether incoming 
students have science and maths skills, 
whether faculty members have published 
science-based research and whether 
students apply clinical knowledge in 
presentations and publications. 


Genomics gets a boost 


The US National Institutes of Health 
recently announced $45 million in grants 
to fund new genome-science centres in 
Wisconsin and North Carolina, as well 
as existing centres in California and 
Maryland. The grants will be used to 
develop genomics tools. 

The Wisconsin centre will receive 
$8 million over three years, and will 
team up with the Medical College of 
Wisconsin and Marquette University, 
both in Milwaukee, and the University of 
Wisconsin-Madison. Over the next five 
years, the three centres at the University 
of North Carolina in Chapel Hill, the 
University of Southern California, Los 
Angeles, and the Johns Hopkins University 
in Baltimore will receive $8.6 million, 
$12 million and $16.8 million, respectively. 
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Escapism 


Where there's a will... 


Nick Mamatas 


Piotr was in prison for life for a crime he 
could not help but commit. He was a sci- 
entist, and his theories were borne out by 
the evidence. The Universe is holographic, 
two dimensions inscribed across the cos- 
mological horizon. 

The Politburo thugs, and they were all 
thugs to a man, could not tolerate the idea 
of presiding over a Universe where things 
were not what they seemed — 
where they could not stand at 
least a tiny bit taller than the rest. 
This wasn't what Piotr meant, 
but that is what the government 
heard. Piotr could not recant. He 
would not. A boot on the back of 
one’s neck was not data, threats 
were not evidence, torture not 
proof. 

They put Piotr deep under- 
ground, in a hole in a honey- 
comb prison from which no one 
had ever escaped. His papers 
were burned, an axe taken to 
his computers, and his assist- 
ant taken away in the night. Like 
Galileo, Piotr thought, but there 
was no Inquisition for Piotr, no 
nobles who had taken his side, no 
eventual reprieve and exile toa 
far-off villa. For Piotr there was 
just a black hole and the rest of 
the world in all directions on the 
other side of the dark. 

Piotr licked the condensation 
off the walls to live. He ate worms 
and rats and fought the other 
rats for those tiny bits of flesh 
he pulled from their comrades’ 
papery bones. Strong enough to 
stand for longer than any guard 
or warden would have imagined, 
Piotr tried to escape. 

He pressed himself up against the hewn 
stone walls of his cell, which had been 
built around him, and pushed hard. There 
was a chance, a small chance. A quantum 
chance. One in ten quadrillion, but it was 
there — Piotr could just flow through the 
wall. His mostly nothing and its mostly 
nothing, meshing perfectly. Well no, Piotr 
told himself, even as he pushed hard against 
the dark. I am just insane. My cosmologi- 
cal horizon stops at my now-blind eyes. It 
was those New-Agers with their breathless 
speeches and ridiculous websites, they're 
the ones who believe that rot. The Politburo 
let them run free, those “harmless kooks” 


(Piotr snorted as he thought those words), 
because the silly husbands and foolish wives 
of the powerful were taken with the pleas- 
ing notion ofa reality that reorders itself to 
one’s wishes. That attribute of the Universe 
was even an objective and observable phe- 
nomenon as far as the sufficiently wealthy 
(and sufficiently limited in imagination) 
were concerned. 

The black hole he was in, Piotr reminded 
himself, was not a black hole. He was not 


a particle contained in the fluctuations 
of an event horizon. This wasn't a cage of 
maximum entropy, or a divot in the field of 
space-time. And there wasn't some other 
particle somewhere else on the other side 
of the wall to which Piotr was bound by 
ghostly chains of instantaneous informa- 
tion transmission. Piotr’s home was just a 
hole dug by men so that other men could 
die in private for the public peace. 

However, Piotr had nothing else to 
do. And he could run his lips and tongue 
against the wall, sucking up what little 
water there was. And he could push, alone 
in the dark, waiting for the cosmos to fall 
apart around him. 


© 2009 Macmillan Publishers Limited. All rights reserved 


Piotr pushed for days, months. He 
stopped only to eat and to eliminate. At 
times he felt a groove in the wall, a groove 
shaped like his body. It was a trick of the 
dark — and his desperate mind, he thought 
at other times. Sometimes he scraped 
against the cool rock with his fingernails, 
seeking a seam or even imagining scratch- 
ing his way to freedom. Perhaps there was 
only a five in one quadrillion chance of 
that. Double my odds, he thought. But he 
was tired, his limbs and digits 
weak from the diet of brackish 
water and rats that could squeeze 
through the cracks he never 
seemed to find in the wall. 

One day — or was it night? — 
Piotr pushed hard against the 
wall, limbs spread, chest and 
groin pressed against rock, his 
own hot breath hanging like a 
cloud. There was a shift. He was 
no longer explicate — a thing to 
be moved about by the deeper 
reality of political expediency, of 
dark forces and unseen hands and 
subtle strings like those bound to 
the joints of a marionette. Piotr 
was the implicate, the thing at the 
dark centre reaching and expand- 
ing outwards across the plane of 
the world. He was the Unmoved 
Mover of non-locality and all 
that which could be called local- 
ity both, the logarithmic shadow 
on the horizon of his black hole 
and that which cast the shadow 
as well. Sistemi del mondo! Piotr 
didn't think. He was. In and out. 
Information everywhere, written 
across the whole of the cosmos. 

With a whoosh of cold air, 
something gave way, and there 
was a yowl and an impact that 
shook the cell, warping its walls like a soap 
bubble. Light! Grey and coruscating like 
a far of explosion seen from under ocean 
waves, but light. “I did it!” shouted Piotr’s 
assistant, a man of rags and bones and wide 
red eyes. “I’m free! I fell right through the 
floor of my cell and...” he trailed off and 
squinted up at Piotr. “Oh” 

Piotr offered his congratulations, col- 
league to colleague. a 
Nick Mamatas is the author of two novels 
and the short story collection You Might 
Sleep... His website is cleverly located at 
www.nick-mamatas.com, as if by design. 
Join the discussion of Futures in Nature at 
go.nature.com/QMAm2a 
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NIH Intramural Research Program is Recruiting @®: 


“Karl Stadtman Investigators” ens 


The National Institutes of Health, the nation’s premier agency for biomedical and behavioral research, is pleased 
to announce the launch of its search for top-tier tenure-track candidates to become “NIH Earl Stadtman Investiga- 
tors.” 


Earl Stadtman was an outstanding NIH scientist who mentored many current leaders in the biomedical community. 
In his honor, the NIH is recruiting basic, clinical and population-based investigators who seek the flexibility of 
scientific exploration in an intellectual and supportive environment. NIH investigators have the ability to focus 
on research that is high risk; they can quickly redeploy resources to explore new directions, collaborate freely on 
multidisciplinary teams, and contribute to the NIH mission of improving human health. The receipt of prestigious 
awards and honors—Nobel prizes, Lasker awards, elections to the NAS and IOM, among others—demonstrates 
the scientific rigor of our NIH intramural investigators. 


We offer competitive startup packages and a collaborative, academic environment with more than 1,100 principal 
investigators engaged in cutting-edge basic, translational, clinical and population-based research. Our scientists 
focus entirely on their research with ample opportunities to mentor and train outstanding fellows at all levels. One 
special feature of our research program is the NIH Clinical Center, the world’s largest hospital entirely devoted to 
biomedical research. 


Qualifications/Eligibility: Candidates must have an M.D., Ph.D., D.D.S./D.M.D., D.V.M, D.O. or equivalent 
doctoral degree and have an outstanding record of research accomplishments as evidenced by publications in major 
peer-reviewed journals. Preference will be given to applicants who are in the early stages of their research careers. 
Candidates in any area of biomedical, clinical and behavioral research are invited to apply. Appointees may be U.S. 
citizens, resident aliens or non-resident aliens with, or eligible to obtain, a valid employment-authorized visa. 


Salary: Successful candidates are offered competitive salaries commensurate with experience and qualifications, 
and they are assigned ample research space, supported positions and an operating budget. 


To Apply: Complete applications should be received by November 1, 2009; however, applications will be accepted 
until available positions are filled. Interested applicants should submit a curriculum vitae, a three-page description 
of proposed research, and three letters of recommendation through our online application system, at 
http://tenuretrack.nih.gov. No paper applications will be accepted. 


For information on the NIH Intramural Research Program, refer to http://intramural.nih.gov/search and 
http://www 1.od.nih.gov/oir/sourcebook/sci-prgms/sci-prgms-toc.htm. Specific questions regarding this recruitment 
effort may be directed to Dr. Roland Owens, Assistant Director, NIH Office of Intramural Research at 
owensrol@mail.nih. gov. 


We seek original and interactive thinkers to be part of the next generation of research leaders. Become part of a 
team that continues to make history. 


YPPORTUNITIES D NIH te Nationat INsTITUTES OF HEALTH 
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THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 
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Tenure Track/Tenured Positions 
In Systems Biology 


The NIH Intramural Research Program (IRP) is recruiting outstanding systems biologists at the tenure-track or tenured levels. These individuals 
will direct independent research programs on the NIH campus in Bethesda, MD and participate in a Trans-NIH Initiative in Systems Biology 
promoting interaction between experimentalists, theoreticians and computational investigators. Candidates will have demonstrated an ability to 
conduct outstanding independent biomedical research on key topics in systems biology such as computational modeling of biological processes 
at various scales, analysis of global datasets, construction and analysis of biological networks, and ‘omic’ scale interrogation of biological 
systems. The internationally recognized NIH faculty covers a wide range of basic and clinical research topics with a growing strength, support 
and emphasis on systems biology and informatic approaches to biomedicine. 


The NIH IRP promotes creative and innovative science unconstrained by the conventional support mechanisms demanded at academic or private 
research institutes. Investigators have ready access to and support from state-of-the art experimental and computational cores and facilities, and 
a variety of programs to recruit graduate students and post-doctoral fellows. 


Candidates must have an M.D. and/or Ph.D., or equivalent doctoral degree, and an outstanding record of research accomplishment and peer- 
reviewed publications. Recruits will be provided a competitive salary commensurate with experience and qualifications, and will be assigned 
ample research space, supported positions, operating budget, and start-up funds. Appointees may be US citizens, resident aliens, or eligible 
foreign nationals. Review of applications will commence on Nov.1, 2009 and continue until the positions are filled. Please submit a curriculum 
vitae, brief (not to exceed 3 pages) statement of research interests that includes how you see your research group helping to create a world-class, 
integrated systems biology effort at NIH, and three letters of reference in .pdf or MS word format only (no paper applications will be accepted) 
to: http://tenuretrack.nih.gov/apply/ 


National Institutes of Health 
National Institute of Arthritis and Musculoskeletal and Skin Diseases, Intramural Research Program 
ees) Tenured/Tenure-Track Investigator(s) 


The Intramural Research Program of the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) of the National Institutes of Health (NIH) in the Depart- 
ment of Health and Human Services (DHHS) is recruiting outstanding tenure-track and/or senior (tenured) scientists (M.D., Ph.D, or M.D./Ph.D) active in any of the following 
areas relevant to musculoskeletal biology or diseases: 


Basic, Translational and Clinical Research in Orthopaedics, Bone, Cartilage, or Muscle 

Nanotechnology related to Bone, Cartilage, Tendon/Ligaments, or Muscle 

Biology of inducible pluripotent stem (iPS) and mesenchymal stem cells for the study of human disorders 
Biological/Tissue Engineering 

Regenerative Medicine 


Emphasis will be placed on the applicants’ demonstrated track record of high-quality research and the originality and promise of their future plans. Successful applicants will be 
expected to develop energetic, creative, independent research programs within an existing highly interactive scientific environment. The ideal candidate would benefit from pre- 
existing expertise within NIAMS. 


This position(s) is located on the NIH campus in Bethesda, Maryland, a suburb of Washington, D.C. NIAMS and the NIH offer tremendous depth and breadth of intellectual and 
technological resources, as well as opportunities for collaboration with investigators both within and outside of the NIH. NIAMS is also a major user of the NIH Clinical Research 
Center, a state-of-the-art research hospital on the campus of the NIH in Bethesda, Maryland. The research environment is highly conducive to advancing basic and translational 
research and highly collaborative, encouraging multidisciplinary and interdisciplinary team science. 


The mission of NIAMS is to support research into the causes, treatment, and prevention of arthritis and musculoskeletal and skin diseases, the training of basic and clinical scientists 
to carry out this research, and the dissemination of information on research progress in these diseases. 


Applicants should submit a cover letter that includes a short research interest statement (two page maximum), a curriculum vitae and complete bibliography, along with complete 
contact information of three referees. Applications should be submitted by February 1, 2010. 


| Applications should be submitted to: Mrs. Wanda White — RE: Musculoskeletal Initiative, Building 31 Room 4C-12, 9000 Rockville Pike, Bethesda MD 
20892, Email: whitewan@mail.nih.gov 
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Tenure -Track/Tenured Investigator 


Laboratory of Immunology 


The Laboratory of Immunology (LI), Division of 
Intramural Research, National Institute of Allergy 
and Infectious Diseases, National Institutes of 
Health (NIH) invites applications for a tenure- 
track/tenured investigator position in immunology. 
Applicants should have a Ph.D., M.D., or equivalent 
degree; an outstanding record of postdoctoral 
accomplishment; and an interest in any area of 
biomedical research related to immunology. 


Specifically, we seek a highly creative individual who 
will establish an independent, world-class research 
program that takes full advantage of the special 
opportunities afforded by the stable, long-term funding 
of the intramural research program at NIH. She or 

he should be interested in developing and applying 
novel approaches to the study of problems of major 
biological and/or medical importance, which could 
include a significant clinical or translational effort in 
addition to bench research. In the former case, the 
successful candidate would have access to the NIH 
Clinical Center, a state-of-the-art research hospital 
on the NIH campus in Bethesda, MD, and ample 
opportunity to participate in the activities of the 
Trans-NIH Center for Human Immunology. 


Generous ongoing support for salary, technical 
personnel, postdoctoral fellows, equipment, and 
research supplies will be provided. Available core 

or collaborative facilities include flow cytometry, 
advanced optical imaging, microarray generation and 
analysis, high throughput sequencing, computational 
biology, production of transgenic and gene-manipulated 
mice, biosafety level (BSL)-3 facilities, chemical 
genomics, and support for projects involving RNAi 
screening. The successful applicant will also have 
access to Trans-NIH initiatives involving technology 
development, translational investigation, and 
multidisciplinary science. In addition to an outstanding 
international postdoctoral community, a superior pool 
of graduate and undergraduate students is available to 
the successful applicant. 
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U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES 
National Institutes of Health 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


Ll has a distinguished history of accomplishment in 
immunology. We strongly encourage application by 
outstanding investigators who can continue and 
enhance this record of achievement. Current LI 
investigators are Ronald Germain, Michael Lenardo, 
David Margulies, Stefan Muljo, William Paul, Ethan 
Shevach, and Tsan Xiao. 


To apply, e-mail curriculum vitae, bibliography, 

and outline of a proposed research program 

(no more than two pages) to Ms. Yushekia Hill at 
NIAID.DIR.Search@niaid.nih.gov. In addition, three 
letters of reference must be sent directly from the 
referee to Drs. Giorgio Trinchieri and Dan Kastner, 
Co-Chairs, NIAID Search Committee, c/o Ms. Yushekia 
Hill, at NIAID.DIR.Search@niaid.nih.gov or 10 Center 
Drive, MSC 1356, Building 10, Room 4A22, Bethesda, 
MD 20892-1356. E-mail is preferred. Applications will 
be reviewed starting 11/16/09 and will be accepted 
until the position is filled. Please refer to ad #028 on 
all communications. For further information about this 
position, contact Dr. William Paul at 301-496-5046 or 
wpaul@niaid.nih.gov. 


A full package of benefits (including retirement and 
health, life, and long-term care insurance) is available. 
Women and minorities are especially encouraged to 
apply. U.S. citizenship is not required. 


National Institute of Allergy and Infectious Diseases 


To learn more about NIAID and how you can work in this 


exciting research organization, please visit us on the web at 


www.niaid.nih.gov/careers/nti. 
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National Institute of Allergy and Infectious Diseases 


Proud to be Equal Opportunity Employers 
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of Health and Medical Research 


JUNIOR GROUP LEADER POSITION 


At Research Center on Growth and Signaling - 
Paris Descartes Medical School —- Necker Campus 
Paris, France 


FRANCOPHONE 


Who weare: 

The Necker Research Center on Growth and Signaling supported by the French National Institute for Medical Research (INSERM) is composed 
by 8 teams studying various aspects of growth, proliferation, metabolism, differentiation, signaling and transport. The subjects and 
composition of each team can be found at http://u845.necker.fr/. 


Call: 
We would like to recruit a young investigator to join the Center. He/she should work on one of the multiple areas of interest of the Center. The 
development of transversal projects is encouraged. 


Candidate Profile: 
The candidate should bea dynamic and qualified investigator with strong track record. He/she should direct an independent lab establishing 
his/her own research program. 


Offer: 

Lab space and access to research facilities will be available on the Necker campus, one of the largest Centers for biomedical research in 
France. A start-up package will be provided to the selected candidate, depending on her/his experience. The Research Center will accompany 
the selected candidate in the application for Inserm-Avenir, ANR or equivalent programs that assure complete autonomy. 


How to apply: 
Applications should include a brief description of your proposed research projects (2-3 pages), a CV, list of publications and the names and 


addresses, telephone, e-mail of 3 potential references. 


HIGHLIGHT 


Applications should be sent before December 15th 2009 to the Director of the Research Center: 


Prof. Gérard Friedlander, 
Inserm U845, 156 rue de Vaugirard, 75015 Paris, France, or e-mail: direction.u845@inserm.fr 
W186013R 


Research Opportunities in Luxembourg. 
See what's behind. 


PEARL 3¢ ATTRACT 


LUXEMBOURG’S RESEARCH PROGRAMME FOR LUXEMBOURG’S RESEARCH PROGRAMME FOR OUTSTANDING 
NTERNATIONALLY RECOGNISED SENIOR RESEARCHERS YOUNG RESEARCHERS FROM ALL OVER THE WORLD 


f you are an internationally recognised senior researcher, f you are an outstanding young researcher, our research 
our research programme PEARL gives you the opportunity programme ATTRACT helps you to set up an independent 
o transfer your research programme to a public-sector esearch team within a public-sector research institution 
esearch institution in Luxembourg and thus to accelerate in Luxembourg. The innovation, dynamism and creativity of 
he development of and to strengthen Luxembourg’s your project as well as its high scientific quality should en- 
esearch priorities. 3-OM€ are offered to Luxembourg’s ance Luxembourg’s position in the international world of 
ublic-sector research institutions through this programme R&D. Projects selected under ATTRACT have a lifespan of 
o compete for the best candidates. The FNR foresees to ive years and the financial contribution will be up to 1.5Mé€. 
grant 1 to 2 PEARL awards per year. The 4th ATTRACT Call will be launched in November 2009. 


The call is open all year. 


Fonds National de la 
More information about ATTRACT and PEARL as well as the other funding |" Recherche Luxembourg 


opportunities offered by the National Research Fund Luxembourg can be found 
on the FNR’s website. Go and see what’s behind on www.fnr.lu INVESTIGATING FUTURE CHALLENGES 
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Ateliers de formation Inserm 
101 rue de Tolbiac 

75654 Paris Cedex 13 France 
Tel: 33 (0) 144.23.62.04 

Fax: 33 (0) 144.23.62.93 
ateliers@inserm.fr 
www.rh.inserm.fr 


Instituts | I I | ] | 
thématiques | | | n se ir Mm 
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French Institute 
of Health and Medical Research 


Inserm Workshops 2010 


201 Lentiviral vectors: tools for fondamental and 
clinical research 


Phase I Critical assessment: March 3-5, 2010 - Saint-Raphaél 
Organizers: Tuan Huy Nguyen (Inserm U948, Nantes), Emmanuel Payen 
(Inserm U962, Fontenay aux Roses), Els Verhoeyen (Inserm U758, Lyon). 
Tentative list of speakers: Muriel Audit (Evry, France), Natalie Cartier 
(Paris, France), Mary Collins (London, UK), Anne Galy (Evry, France), 
Tuan Huy Nguyen (Nantes, France), Luigi Naldini (Torino, Italy), Didier 
Négre (Lyon, France), Jean-Christophe Pagés (Tours, France), Ali Satb 
(Paris, France), Axel Schambach (Hannover, Germany), Didier Trono 
(Lausanne, Switzerland), Els Verhoeyen (Lyon, France), Rafael Yanez- 
Munoz (London, UK). 


Phase II Technical workshop: March 8-12, 2010 - Lyon 
Registration deadline: January 8, 2010 


202 In silico discovery of molecular probes and 


drug-like compounds: success and challenges 


Phase I Critical assessment: March 23-25, 2010 - Saint-Raphaél 
Organizers: Maria Miteva (Inserm U973, Paris), Véronique Stoven (In- 
serm U900, Paris), Bruno Villoutreix (Inserm U973, Paris). 

Tentative list of speakers: Ruben Abagyan (La Jolla, USA), Andreas Ben- 
der (Leiden, The Netherlands), John Hickmann (Paris, France), Denise 
Hirsch (Paris, France), Richard Jackson (Leeds, UK), Gerard Kleywegt 
(Uppsala, Sweden), Bernard Maigret (Nancy, France), Maria Miteva (Paris, 
France), Xavier Morelli (Marseille, France), Stefano Moro (Padova, Italy), 
Brian Shoichet (San Francisco, USA), Jean-Philippe Vert (Paris, France), 
Michel Vidal (Paris, France), Michael Wiese (Bonn, Germany). 


Phase II Technical Workshop: November 2010 - Paris 
Registration deadline: January 25, 2010 


203 Interactomics: at the crossroads of biology and 
bioinformatics 


Phase I Critical assessment: March 30 - April 1st, 2010 - Saint-Raphaél 
Organizers: Christine Brun (TAGC U628, Marseille), Jér6me Reboul (In- 
serm U891, Marseille), Nicolas Thierry-Mieg (TIMC-IMAG, La Tronche). 
Tentative list of speakers: Javier De Las Rivas (Salamanca, Spain), Eti- 
enne Formstecher (Paris, France), Anne-Claude Gavin (Heidelberg, Ger- 
many), Kristin Gunsalus (New York, USA), Henning Hermjakob (Hinxton, 
UK), Carl Herrmann (Marseille, France), Vincent Lotteau (Lyon, France), 
Fabio Piano (New York, USA), Fanny Pilot-Storck (Maisons-Alfort, 
France), Jolanta Polanowska (Marseille, France), Sylvie Ricard-Blum 
(Lyon, France), Benno Schwikowski (Paris, France), Jacques Van Helden 
(Brussels, Belgium), Marc Vidal (Boston, USA). 


Phase II Technical workshop: May 2010 
Registration deadline: January 29, 2010 


204 Human induced _ pluripotent 
reprogramming and differentiation 


stem cells, 


Phase I Critical assessment: April 21-23, 2010 - Saint-Raphaél 
Organizers: Annelise Bennaceur-Griscelli (Inserm U935, Paris), Ludovic 
Vallier (University of Cambridge, UK). 

Tentative list of speakers: Simone Bateman (Paris, France), Christopher 
Baum (Hannover, Germany), Annelise Bennaceur-Griscelli (Paris, France), 
Laure Coulombel (Paris, France), Laurence Daheon (Boston, USA), Chris 


Denning (Birmingham, UK), Sheng Ding (San Diego, USA), John Gurdon 
(Cambridge, UK), Konrad Hochedlinger (Boston, USA), Keisuke Kaji 
(Edinburgh, UK), Marc Peschanski (Evry, France), Katherine Plath (Los 
Angeles, USA), Jean-Paul Renard (Paris, France), Pierre Savatier (Lyon, 
France), Hans Scholer (Bohn, Germany), Alexandre Simon (Paris, France), 
Jose Silva (Cambridge, UK), Ludovic Vallier (Cambridge, UK). 


Phase II Technical workshop: October 11-13, 2010 
Registration deadline: February 19, 2010 


205 Mixture modelling for longitudinal data 


Phase I Critical assessment: June 2-4, 2010 - Saint-Raphaél 
Organizers: Bruno Falissard (Inserm U669, Paris), Christophe Genolini 
(Université Paris X, Paris), Helene Jacqmin-Gadda (Inserm U897, Bor- 
deaux), Cécile Proust-Lima (Inserm U897, Bordeaux). 

Tentative list of speakers: Tihomir Asparouhov (Los Angeles, USA), Jose 
Cortinas (Diepenbeek, Belgium), Sylvana Cote (Montreal, Canada), Maria 
De Loro (London, UK), Bruno Falissard (Paris, France), Christophe Geno- 
lini (Paris, France), Helene Jacqmin-Gadda (Bordeaux, France), Jacques 
Juhel (Rennes, France), Bengt Muthen (Los Angeles, USA), Daniel Nagin 
(Pittsburgh, USA), Cécile Proust-Lima (Bordeaux, France). 


Phase II Technical workshop: June 7-8, 2010 
Registration deadline: : April 2, 2010 


206 Microtubule dynamics in cell migration: 
molecular interactions, functional consequences 
and therapeutic perspectives in cancerology 


Phase I Critical assessment: September 15-17, 2010 - Saint-Raphaél 
Organizers: Stéphane Honoré (Inserm U911, Marseille), Diane Braguer 
(Inserm U911, Marseille). 

Tentative list of speakers: Anna Akhmanova (Rotterdam, The Nether- 
lands), Annie Andrieux (Grenoble, France), Ali Badache (Marseille, 
France), Denis Chrétien (Rennes, France), Sandrine Etienne-Manneville 
(Paris, France), Elaine Fuchs (New-York, USA), Niels Galjart (Rotterdam, 
The Netherlands), Greg Gundersen (New-York, USA), Stéphane Honoré 
(Marseille, France), Irina Kaverina (Nashville, USA), Laurence 
Lafanachére (Grenoble, France), Xavier Morelli (Marseille, France), 
Véronique Proux (Paris, France), Michel Steinmetz (Villigen, 
Switzerland). 


Phase II Technical workshop: October 27-29, 2010 - Marseille 
Registration deadline: : July 15, 2010 


207 Targeted genome modification using custom- 
made endonucleases 


Phase I Critical assessment: September 30- October 2nd, 2009 Saint- 
Raphael 

Organizers: Jean-Paul Concordet (Inserm U567, Paris), Carine Giovan- 
nangeli (Inserm U565, Paris). 

Tentative list of speakers: I. Anegon (Nantes, France), S-J. Boulton 
(South Mimms, UK), D. Carroll (Salt Lake City, USA), T. Cathomen 
(Berlin, Germany), J-P. Concordet (Paris, France), C. Giovannangeli (Paris, 
France), M. Holmes (Richmond, USA), B. Lopez (Fontenay-aux-Roses, 
France), G. Montoya (Madrid, Spain), L. Naldini (Milan, Italy), F. Paques 
(Romainville, France), S. Wolfe (Worcester, USA). 

Registration deadline: August 6, 2010 
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DIRECTOR: 
Transgenesis and Archiving 
of Animal Models Unit 


oO 


TAAM 


The French National Centre for Scientific Research, CNRS, is seeking a new 
director for its service unit Transgenesis and Archiving of Animal Models, 
UPs44, (http: / /transgenose.cnrs-orleans.fr/eng/taam/presentation.php) 
located in Orleans (130km South of Paris). This research infrastructure is 
playing a major role providing an access to the mouse models of human disease 
and for fundamental research both at the French level (www.ibisa.net) and as 
a part of a distributed pan European infrastructure, Infrafrontier 
(www.infrafrontier.eu). The unit encompasses 3 departments devoted to 
Transgenesis, zootechnics and imaging with more than 73 highly qualified 
engineers and technicians. It participates actively in the European Mouse 
Mutant Archive (www.emmanet.org) and to the federation of International 
Mouse Resource (www.FIMRe.org) 


‘FRANCOPHONE 


[HIGHLIGHT 


The position of head is a higher-ranking appointment for a searcher, an 
engineer or an experienced project manager, reporting directly to the Institute 
of Biological Sciences (INSB) of the CNRS and backed by a strong commitment 
to excellence and investment in managing resource. This is a stimulating 
opportunity to join the unit and to be involved in the development of its 
activities both at the national, European and international levels. The director 
is responsible for leading a skilled and enthusiastic team and for developing 
state-of-the-art services for the scientific community. She/he will have an 
opportunity to develop her/his own research group in a dynamic environment 
with a privileged access to state-of-the-art mouse facility and services. 


Change your 
environment. Find 
jobs where you'll 
make a difference 


To meet these challenging tasks, the ideal candidate will have a vision of mouse 
genetics, strong leadership and be able to demonstrate commercial 
understanding. She or he should have a Ph.D. or Veterinarian degree, good 
experience, skills in management and the understanding of quality insurance. 
A strong background in mouse genetics would be an advantage. The ideal 
candidate will have innovative and creative ideas for the future development 
of the service units. A key aspect of this position is interacting with the scientific 
community. The successful candidates must therefore, be dynamic, outgoing, 
prepared to travel and have excellent management and personal skills. 


If you need further information’s please contact Dr. Yann Herault at 
herault@cnrs-orleans.fr. 


To apply please send your CV, a summary of previous experience, details of 
your ongoing position, letter of motivation and name of 2-3 referees to Dr. Yann 
Herault by November 15th, 2009. 
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EPFL Center for Neuroprosthetics 

Faculty Positions at the interface of 

Neuroscience and Bioengineering 

at Ecole polytechnique fédérale de Lausanne (EPFL) 


Pel 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


Visit 


micro- and nano-fabrication, and electron microscopy and 
surface analysis. 


The Institute of Bioengineering and the Brain-Mind 
Institute at EPFL invite applications for faculty positions 
at all ranks, from tenure track assistant professor 
to full professor, for the newly-launched Center for 
Neuroprosthetics. The Center, situated between the 
School of Engineering and the School of Life Sciences, 
seeks outstanding individuals working in (1) hearing, 
and (2) other areas of neuroprosthetics, such as invasive 
and non-invasive sensing and stimulation in restoration 
of motor control or sensory perception such as vision. 
The open faculty positions are offered in an environment 
of both theoretical and experimental research, rich for 
the development of novel enabling technologies as well 
as for seeking deeper understanding of fundamental 
mechanisms underlying the field of neuroprosthetics. 


www. 
naturejobs 
.com 


Successful candidates are expected to initiate independent, 
creative research programs and participate in undergra- 
duate and graduate teaching. Internationally competitive 
salaries, start-up resources and benefits are offered. 


Applications should include a curriculum vitae with a list 
of publications, a concise statement of research and teach- 
ing interests, and the names and addresses (including 
e-mail) of at least five referees. Applications should be 
uploaded to: 


to 
seriously 
improve 
your 


http://neuroprosthetics-rec.epfl.ch 


The deadline for applications is 1 February 2010. 


The School of Engineering and the Institute of Bioengi- 
neering offer strength in areas that include bio-MEMS/ 
NEMS, bioelectronics, robotics and learning, integrated 
systems, biomaterials, biophotonics, molecular and com- 


Enquiries may be addressed to: 
Prof. Jeffrey A. Hubbell, 
E-mail: neuroprosthetics-rec@epfl.ch 


Career 
prospects. 


nature jobs 


making science work 


putational systems biology, and stem cell biotechnology. 
The Brain-Mind Institute offers a broader context of neu- 
roscience, with strengths in cognition, behavior, cellular 
and molecular neuroscience, computational 
science, and neurodegeneration, among others. 


neuro- 


Excellent experimental infrastructure are available in- 
cluding core facilities in animal physiological and beha- 
vioral phenomics, animal and human imaging, quantita- 
tive light microscopy, genomics and _ proteomics, 


For additional information on EPFL, the Schools of 
Engineering and Life Sciences, the Institute of Bioengi- 
neering, and the Brain-Mind Institute, and Institute 
of Bioengineering, please consult the web sites: 
http://www.epfl.ch, http://sti.epfl.ch, http://sv.epfl.ch, 
http://bmi.epfl.ch, and http://ibi.epfl.ch 


EPFL aims to increase the presence of women amongst 
its faculty, and qualified female candidates are strongly 


encouraged to apply. 
W186250R 
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The European Synchrotron Radiation 
Facility (ESRF) is Europe’s most 
powerful light source. The ESRF 
offers you an exciting opportunity to 
work with international teams using 
synchrotron light in Grenoble, in the 
heart of the French Alps. 


Contact us at recruitment @esrf.eu 


European Synchrotron Radiation Facility 
BP 220, F-38043 Grenoble Cedex 9, FRANCE 


Alighi 
Tel. +33 476 88 20 00 a, el ESRF 


www. esrf.eu 
W186058R 


L'Université d'Orléans 


Ancrée dans le territoire, ouverte a 'international 
Rooted in the region, open to the international world 


FACULTY POSITION 


The Biology Department of the University of Orleans, France, 
invites application for a faculty position at the full Professor level. 
The new faculty member will teach genetics at the university (in 
French) and join a research unit of CNRS, National Centre for 
Scientific Research (Molecular Immunology and Embryology, 
UMR6218) associated to a platform for Transgenesis and Animal 
Models (UPS44). The fully equipped research laboratories 
comprise experts in infectious diseases, lung inflammation, 
allergy and genetics. 

The qualified candidate will have an established record of 
excellence in research and is expected to develop an independent 
research program in genetics or immunology. 

Please be aware that you first need to register for Qualification 
before October 29, 2009, at: https://galaxie.enseignement 
sup-recherche.gouv.fr/antares/can/index.jsp 

Candidates wishing more details should contact Valerie 
Quesniaux, Director (quesniaux@cnrs-orleans.fr) or Bernhard 
Ryffel (tel: +33 6 82 82 80 79). 

Web: http://transgenose.cnrs-orleans.fr/iem/ 

DIRECTOR 


Further, a Director position for the CNRS Service Unit UPS44 
is open, who may develop his/her research project in 


UMR6218. Visit: 


http://transgenose.cnrs-orleans.fr/eng/taam/presentation.php 
W186262R 


IN 2010 
CNRS IS RECRUITING FOR 


400 TENURED 
RESEARCHER POSITIONS 
IN ALL FIELDS OF SCIENCE 


* MATHEMATICS + PHYSICS 

* NUCLEAR AND HIGH-ENERGY PHYSICS 

* CHEMISTRY 

+ SCIENCE AND TECHNOLOGY OF INFORMATION AND 
ENGINEERING 

+ UNIVERSE AND EARTH SCIENCE 

* ENVIRONMENT AND SUSTAINABLE DEVELOPMENT 

* LIFE SCIENCES * HUMANITIES AND SOCIAL SCIENCES 


advancing t 


CNRS encourages junior and senior scientists from around the 
world to apply for its tenured researcher positions. 


CNRS provides an enriching scientific environment: 
* numerous large-scale facilities 

+ highly skilled technical support 

* multiple international and interdisciplinary networks 
* access to university research and teaching 

+ lab-to-lab and international mobility 


Application from December 2, 2009 to January 5, 2010 
www.cnrs.fr 
W185858R 
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A post doctoral position _—‘!Mstitut Pasteur 


founded by E.U. is open in the Pasteur Institute in Paris to 
carry out structural work on bacterial homologues of cys- 
loop receptors. The position will be equally shared between 
the "Channel-Receptors” group for protein production and 
the “Structural Dynamics of Macromolecules” unit for 
crystallization, synchrotron data collection and structure 
refinement. Expertise in crystallography is required, as well 
as the ability to work in collaboration. Knowledge in 
membrane protein biochemistry and/or in structural 
bioinformatics would be a plus. 


Contact 
Either Marc Delarue (delarue@pasteur.fr) or Pierre-Jean 


Corringer (pjcorrin@pasteur.fr) ween 


UNIVERSITE DE III 
\ bt il! Inserm 


BERGONIE CANCER INSTITUTE 
POST-DOCTORAL FELLOWSHIPS 


The INSERM unit at the Bergonié Cancer Institute in 
Bordeaux has open positions for two post-doctoral 
fellows to develop tumour models and to study the 
role of tumour-host interactions in the response to 
anticancer drugs (Farmer et al Nature Medicine 
2009; Duss et al Breast Cancer Res 2007). 


Applications with a CV and the names of two 
referees should be sent to iggo@bergonie.org. 
For more details see www.bergonie.org/en/basic 


-research/richard-iggo.html. 
W186229R 


